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1. The Mode of Action of Chemotherapeutic Agents 


A Discussion held by the Biochemical Society on Saturday, 
29 November, 1941, at the Courtauld Institute of Biochemistry, 
Middlesex Hospital, Prof. E. C. Dodds in the Chair 


G. M. Foxp.ay, in opening the discussion, said that chemotherapeutic action might be 
classified as direct or indirect. Except in the case of parasites present in the intestinal 
canal it was essential that the chemotherapeutic drug should be absorbed into the body, 
that it should penetrate to the site where the parasites were acting, and that it should not 
be excreted or converted into an inert form too rapidly. Time must be allowed for 
chemotherapeutic action, and in some cases for the conversion of the compound from an 
inactive into an active form. 

When once the drug and the parasite had been brought face to face three stages might 
be distinguished: adsorption, interference with metabolism, and death or such injury to 
the parasite that it was destroyed by the phagocytes of the host. An adsorbed chemo- 
therapeutic drug may prevent an essential food factor from being absorbed or it may 
cause a breakdown in metabolism by combining with a specific substrate or by com- 
peting with an essential cell metabolite for an enzyme or coenzyme. One break in the 
chain of metabolic reactions may rapidly give rise to others. Specific immune serum and 
sulphapyridine do not compete for the same receptor group in the Pnewmococcus and may 
therefore enhance one another’s effects. 

Parasites may be killed in the body without the aid of phagocytes, but usually when a 
parasite has been damaged it is destroyed by the normal defence mechanism of the host. 

Indirect action produces such changes in the environment that parasites can no longer 
grow. Physical changes may prevent growth, the temperature or the pH may be altered, 
the formation of immune bodies may be stimulated or the character of the cells may be 
altered, as in the treatment of gonococcal vulvovaginitis in children with oestrin prepara- 
tions. The highly specific action of certain drugs and the no less specific reactions of certain 
closely allied parasites could be explained by postulating that, after adsorption of the 
compound at the parasite/solution interface, the nature of the interference with the 
metabolism of the parasite depended on what groupings in the molecule of the compound 
came within the influence of other acceptor groups in the parasite: there was thus a 
multipoint action. 


A. Fiemine. In 1929 I applied the name penicillin to an antibacterial substance of 
unknown constitution elaborated by Penicillium notatum. This substance is formed when 
the mould is grown in ordinary bacteriological media or in a modified Czapek-Dox medium 
described by Clutterbuck, Lovell & Raistrick. The action is mainly bacteriostatic and 
shows a marked degree of specificity. Pyogenic cocci, clostridia, and some other bacteria 
are sensitive, while the coli-typhoid, haemophilic chromogenic bacilli, and others, are 
insensitive. The pathogenic Gram-negative cocci (Gonococcus, Meningococcus and M. 
catarrhalis) are sensitive, while the saprophytic varieties, e.g. M. flavus, are insensitive. 
(In this respect penicillin differs from the sulphonamides.) 

The activity can be assayed by noting the bacteriostatic concentration in a simple 
titration, or by confining the solution in holes or gutters cut in an agar plate—holes if 
many solutions have to be tested to the same microbe, and gutters if many microbes have 
to be tested to the same solution. Staphylococcus is a convenient test organism. 
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In concentrations which are much less than are necessary completely to inhibit growth 
it has been shown by Gardner to affect the morphology of bacteria and to interfere with 
cell division. 

The action of penicillin is not interfered with by substances known to inhibit sulphon- 
amide action, such as large numbers of bacteria, bacterial extracts, pus fluids, tissue 
autolysates, peptone and p-aminobenzoic acid. 

Penicillin is non-toxic to leucocytes and animals. The uses to which it has been put are: 
(1) The easy isolation of insensitive bacteria from sensitive bacteria. (2) The dramatic 
demonstration of many bacterial inhibitions. (3) The treatment of bacterial infections in 
man and animals. 

Florey and his co-workers have extracted an impure principle which, in vitro, is much 
more active than any of the sulphonamides on staphylococci and streptococci. A total 
dosage of a few milligrams sufficed to cure mice of experimental infections with Strepto- 
coccus, Staphylococcus and Vibrio septique, and a later trial in man shows that it is 
probably the most powerful remedy known for streptococcal and staphylococcal infections. 

As penicillin is apparently of a different constitution from the sulphonamides, the 
isolation of the pure active principle and its synthesis will open up a new chemothera- 
peutic field. 


WaRRINGTON YORKE described the investigations leading to the production of various 
aromatic diamidines which have proved very active in the treatment of animals experi- 
mentally infected with trypanosomiasis, leishmaniasis and babesiasis, respectively. 
During the past two years certain of these compounds, notably diamidinostilbene 
(stilbamidine), diamidinodiphenoxypropane (propamidine) and diamidinodiphenoxy- ° 
pentane (pentamidine), have been tested clinically in the field. All these compounds 


exert a rapid curative action in Indian kala-azar, and they all cure Mediterranean and 
Sudan leishmaniases of man, which are notoriously difficult to cure with antimonials. 
Recent reports from Kenya and from Uganda show that a single injection of stilbamidine 
or propamidine suffices to cure about 90 % of dogs naturally infected with Babesia canis. 
It is as yet too early to assess the value of these compounds in human trypanosomiasis, 
but reports so far received indicate that they produce rapid peripheral sterilization and 
cure early cases. 

In Warrington Yorke’s opinion our investigation of the phenomenon of drug resistance 
might throw light on the mechanism of the action of drugs. Certain observations on drug 
resistance in trypanosomes which had been made in his laboratory during the past 
twelve years were discussed in their bearing on various theories regarding the mode of 
action of drugs. In conclusion, attention was drawn to the fact that, although drug 
resistance in trypanosomiasis has been extensively studied, little is known of the phe- 
nomenon in other protozoal infections. Drug resistance had been recently demonstrated 
in Babesia canis infections of dogs and in Plasmodium knowlesi infections of Macacus 


rhesus. 


F. Hawxrne. According to the phenomenon of drug resistance, there are four kinds 
of receptors on the trypanosome, viz.: (a) for arsenicals, acriflavine etc., (6) for para- 
fuchsin, (c) for diamidine compounds, (d) for Bayer 205. Most study has been directed 
to the first of these. Trypanocidal action may be considered to occur in three phases: 
(a) fixation of the drug by the cell, (6) secondary chemical reaction inside the cell, (c) death. 
The second and third phases are mostly unknown, but considerable information is avail- 
able about the first. It occurs quickly, being completed in a few minutes; and it is re- 
versible. With arsenical compounds, fixation seems to depend upon the trivalent arsenic 
atom linked to a benzene ring. Most side-chains prevent fixation, but certain ones 
(—NH,, --OH) prevent it for the animal cells but not for normal trypanosomes; it is 
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compounds with these side-chains which have chemotherapeutic value. The receptors of 
resistant trypanosomes are modified so that they resemble those of the animal’s cells and 
thereby therapeutic action is lost. Over a wide range the amount of drug fixed is pro- 
portional to the concentration in the surrounding fluid. In the case of acriflavine the 
partition ratio, i.e. concentration inside the trypanosome/concentration outside, is 8000 
for normal trypanosomes, and only 60 for resistant trypanosomes. This difference explains 
the mechanism of drug resistance against acriflavine, or arsenicals. 

Some compounds which are fluorescent, e.g. acriflavine and diamidinostilbene, can be 
shown to be concentrated in the blepharoblast and in cytoplasmic granules. 

With Bayer 205, the mode of action is quite different. It is not directly trypanocidal 
in vitro, and although it does seem to form some kind of direct combination with the 
trypanosome, the amount which is taken up is quite small. There is some evidence that 
it has an opsonin-like action. 


H. H. Dae emphasized the importance of having a theory of chemotherapeutic action. 
It was one of Paul Ehrlich’s great contributions to the subject to have produced a theory 
which, though it would probably not survive unmodified, had given a tremendous stimulus 
to research. His speculations had sometimes, appeared more plausible than convincing; 
but it was remarkable in how many cases they had eventually proved to be well founded. 
An example was Ehrlich’s explanation of the action of certain dyes on infection by 
trypanosomes, as due to injury of the reproductive power of the trypanosomes, without 
affecting their other vital functions. At the time this suggestion seemed artificial and un- 
convincing, but when Dobell & Laidlaw found a method for growing Entamoeba histolytica 
in permanent culture in vitro, it could be demonstrated that the action of emetine was 
just of this type. Another factor of chemotherapeutic activity which he believed to have 
importance was the ‘factor of persistence’, by which the curative agent was enabled to 
remain in the body, at a concentration harmful to the parasiie but harmless for the host 
cells, for a sufficiently long period. Effective chemotherapy was usually, if not always, a 
war of attrition rather than a ‘Blitzkrieg’. This seemed to be the reason why a quin- 
quevalent arsenical on the one hand, or an arseno-compound on the other, was a better 
chemotherapeutic agent than the arsenoxide produced by reduction from the one or by 
oxidation from the other, although the arsenoxide was recognized as the directly para- 
siticidal agent. In the same way, sulphaguanidine seemed to owe its effectiveness in 
bacterial dysentery to its poor solubility, enabling it to remain in solid form in the in- 
testinal contents and to keep up a steady, low concentration in contact with the infected 
mucous membrane. Aromatic diamidines, the brilliant promise of which had been made 
clear by the results which Prof. Yorke had reported, might similarly owe part of their 
superiority to their limited solubility. If a derivative of this series could be found, of low 
activity and poor solubility itself, but steadily liberating a soluble and active diamidine 
in subtoxic concentration, this might have even a greater curative value. He ventured 
to suggest, as problems, the solution of which might greatly accelerate advance in parts 
of the field of chemotherapy, the discovery of a method of keeping trypanosomes alive 
and reproductive indefinitely in artificial culture, and the discovery of a method of 
treating a strain of trypanosomes which had acquired a drug resistance, so as to restore 


the normal susceptibility. 


D.D. Woops. There is strong evidence to support the view that antibacterial agents 
act by virtue of their capacity to interfere in some way with essential metabolites (sub- 
stances essential to the organism, including growth factors etc.). Such interference may 
occur in different ways: (a) by formation of a definite compound between antibacterial 
agent and essential metabolite (e.g. between Hg salts and —SH compounds); (b) by in- 


hibition of an enzyme reaction involved in the synthesis or utilization of an essential 
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metabolite. An example of é is provided by the case of sulphanilamide. Evidence was 
obtained that this drug acts by competitive inhibition of an enzyme reaction involved in 
the further utilization of p-aminobenzoic acid, and that it inhibits by virtue of its 
chemical relationship to p-aminobenzoic acid. The latter is presumed to be an essential 
metabolite. Recent work has provided further strong support for this hypothesis, for 
p-aminobenzoic acid has been actually isolated from natural sources and has been 
demonstrated to be a growth factor both for Cl. acetobutylicum and higher organisms. 

The application of the above hypothesis to the search for new substances with anti- 
bacterial properties has been fruitful. The following substances, all chemically related 
to a known essential metabolite (latter shown in brackets), have been shown to have anti- 
bacterial activity in varying degree: pyridine-3-sulphonic acid and amide (nicotinic acid 
and amide); aminosulphonic acids (analogous aminocarboxylic acid); sulphonic acid 
analogue of pantothenic acid (pantothenic acid); indole-3-acrylic acid (tryptophan); 
barbituric acid (uracil). 


H. McItwarty. A chemotherapeutic agent is regarded as depriving the inhibited 
organism of the use of enzymes or metabolites by various types of interference. The 
organism thus becomes nutritionally more exacting than in its normal state, and its new 
demands can, with due consideration for extraneous effects, be analysed by the usual 
techniques of bacterial nutrition. 

Bact. coli and Streptococcus haemolyticus, inhibited by acriflavine components, require 
for further growth two types of material not normally needed. Type I (so called from a 
previous nutritional study of inhibitory action: McIlwain, Brit. J. exp. Path. 1940, 21, 
136) is best replaced by nucleotides, and type II by a concentrate of amino-acids but 


partly by phenylalanine. In the presence of type II compounds, but not without, arti- 
ficial hydrogen carriers are further active against inhibition of Bact. coli. Type I com- 
pounds form complex salts with acriflavine components, and it is considered that the 
inhibitors inactivate enzyme systems of which type I compounds are essential parts, of 
which type II compounds are substrates or products, and of which some can be replaced 
by the hydrogen carriers. 


E. Cuatn. The purest penicillin preparations have the ‘following properties. 

Penicillin is a strong acid, containing two, or a multiple of two, acid groups with 
approximate pK values of 2-1 and 3-7. Elementary analysis shows the absence of ele- 
ments other than C, H and O. Different preparations of the purified Ba salt gave (calcu- 
lated for the free acid) C 55% and H 6-3%. Methoxyl groups cannot be detected, but 
two hydroxyl groups are present in the molecule. As the dried Ba salt, penicillin keeps its 
activity indefinitely. In watery solution it is most stable at pH 5-7; at higher or lower 
pH penicillin loses its antibacterial activity, the rate of inactivation depending on 
temperature and pH. Electrometric titration indicates,that alkaline inactivation may be © 
due to the opening of a lactone ring. Free penicillin is freely soluble in ether, acetone,. 
esters and dioxan, moderately soluble in chloroform, slightly soluble in benzene and 
carbon tetrachloride. In water it is soluble to the extent of 5 mg./ml. Penicillin in the form 
of the free acid is stable only when absolutely dry, or in organic solvents; in the latter 
it is very much more stable than in dried form. The most suitable salt for general use is 
the Ba salt. Penicillin forms water-soluble salts with most heavy metals, except Fe*"’. 
It is inactivated by a number of heavy metal ions, especially Cu, Pb, Zn and Cd. The Ba 
salt of penicillin is soluble in absolute methyl alcohol, but is insoluble in absolute ethyl 
alcohol. Penicillin is inactivated by primary alcohols. The mechanism of the inactivation 
of penicillin by acid, alkali, heavy metals and primary alcohols is not yet understood. 
Penicillin is stable towards atmospheric oxygen, but is oxidized by H,O, and KMnQ,. 
The antibacterial activity is lost in these oxidations. Penicillin does not reduce Fehling’s 
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solution ; on oxidation with alkaline ferricyanide an amount of ferricyanide corresponding 
to two reducing equivalents per Ba atom is used up. No catalytic hydrogenation takes 
place under atmospheric pressure with various catalysts. NH,OH inactivates penicillin. 
In this reaction, carried out at pH 5, H’ ions corresponding to one equivalent of NH,OH 
per Ba atom appear. NH,.NH,, NaHSO, and Na,S,0, also inactivate penicillin; the 
inactivation by NH,.NH, cannot be due to reduction, as no nitrogen is liberated during 
the reaction. Semicarbazide and thiosemicarbazide do not inactivate penicillin, but no 
derivatives could be isolated. It has not been possible to obtain normal esters of peni- 
cillin by the action of various alkyl iodides on its silver salt. 

A new antibacterial substance with chemical properties different from those of other 
natural antibacterial agents has been isolated from a strain of pro-actinomyces by Prof. 
A. D. Gardner and Dr E. Chain. It is a base very easily soluble in water in a form of its 
hydrochloride, and particularly effective against gram-positive pathogens. Strains of 
pneumococci insensitive to penicillin were affected by ‘pro-actinomycin’. Its toxicity is 
much greater than that of penicillin.. 


E. P. ApraHam. The present activity of the penicillin-containing medium, on 
harvesting, is about four of the arbitrarily defined units per ml. The active fluid is no 
longer replaced directly by more medium, but the culture vessels are cleaned and used 
afresh. 

The instability of penicillin has so far necessitated three methods of purification, which 
depend on distribution between solvents, adsorption and reduction. Owing to the dif- 
ficulty of separating active from inactivated penicillin care must be taken not to inactivate 
any of the material during the processes involved. The crude barium salt, obtained from 
an amy] acetate extract of the medium, has an activity of 15-25 units per mg., and usually 
contains at least five different pigments. Distribution between water and ether at pH 2 
and 6, adsorption of impurities by charcoal, and chromatographic analysis on alumina, 
yield a light yellow barium salt with an activity of about 150 units per mg. On reduction 
of this material in neutral solution with aluminium-mercury couple the remaining pig- 
ment is adsorbed by alumina, while the supernatant fluid contains about 80% of the 
original activity. The white barium salt obtained from this solution has an activity of 
approximately 240 units per mg. It inhibits the growth of Staphylococcus completely at 
a dilution of one in 5 millions and partially at one in 16 millions. 


W. H. Linnety. The recognition of the outstanding properties of proflavine and the 
corresponding methylacridinium chloride (acriflavine), mainly due to Browning, does not 
appear to have stimulated research as highly as might be expected. Only two of the many 
possible, simple, isomeric diaminoacridines, 2:5- and 3:7-diaminoacridines, had been 
prepared and examined up to 1930, the former compound only appearing in patent litera- 
ture. Since 1935 a sufficient number of these isomers have been prepared to determine the 
effect of the position of the amino groups on the properties of the compound and some 
correlation with bactericidal activity has been observed. A l-amino group causes com- 
plete loss of bactericidal activity and reduces toxicity ; a 2-amino group increases activity, 
and this is further enhanced by another amino group in the 2-, 3-, 4- (in the other ring) 
or 5-positions accompanied by increased toxicity in the case of a second 2-substituent. 
When two 3-amino groups (=3:7) are present activity is moderate, but the 3:8-di- 
aminoacridine (=2:7) is as active as proflavine but of lower toxicity. Manifold has 
recently shown that this derivative is much less harmful to brain tissue than proflavine 
or acriflavine. A 4-amino substituent confers small activity, whilst position 5 is highly 
active but probably leads to increased toxicity. It is interesting to note that compounds 
containing l-amino and 4-amino substituents appear to be the only amino-acridines 
that do not fluoresce. It may be significant, as Roab pointed out, that acridine was 
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toxic to paramoecia in daylight but innocuous in the dark. Albert has shown that similar 
differences in activity exist amongst the five isomeric monoaminoacridines and that their 
activities appear to run parallel with their strengths as bases and their partition coefficients 
between oil and water. The corresponding acridones are inactive as are certain amino 
derivatives of 5:10-dihydroacridine and of iminodihydroacridine. This suggests that the 
intact acridine molecular structure is necessary. An extension of this work to cover 
hydroxy- and chloroalkoxy-acridines showed that 3-, 3:7- and 3:9-hydroxyacridines 
were inactive in concentrations of 1 in 2000, whilst corresponding chloroalkoxy com- 
pounds possess some activity but present insuperable difficulties due to extremely small 
solubility. 


L. G. Goopwiy. The uncertain action of antimony in protozoal diseases, of which the 
resistance of Sudanese kala-azar to antimony is an example, is an added difficulty in 
investigating its mode of action. The active form of antimony might be the stibinoxide 
grouping, but while this is probable in trypanosome and schistosome infections, it is un- 
likely in leishmaniasis, where quinquevalent compounds are the most effective and 
massive dose therapy is successful. 

Excretion of antimony after doses of the quinquevalent compounds or of stibophen is 
much more rapid than with tartar emetic. There is some indirect evidence that the 
rapidly excreted fraction of the drug passed through the body unchanged. Both direct 
toxic action on parasites and stimulation of the host’s defence mechanisms are produced 
by antimonials. Increased phagocytosis may be of primary importance in leishmaniasis, 
though histological work on the spleens of infected hamsters injected with a quinquevalent 
antimony compound suggests some degree of direct action. 


F. R. Brapsury and D. O. Jorpan. The behaviour of sulphanilamide, p-amino- 
benzoic acid and chemically related compounds such as aniline and sodium benzene- 
sulphonate at the surface of Bact. coli, is being studied by electrokinetic methods. The shape 
of the curves relating variation of mobility with time of contact for sulphanilamide and 
p-aminobenzoic acid is distinctly different from that of the curves obtained for the 
chemically related compounds. Further, the curves for sulphanilamide and p-amino- 
benzoic acid show a close resemblance, indicating that these two substances behave in 
a like manner at the bacterial surface. These results are in agreement with the findings of 
Fildes, Rubbo et al. concerning the antagonism between the two compounds. 


A. St G. Hueeert. Certain azo-dyes, notably chlorazol sky blue FPS (Chicago blue) 
and chlorazol fast pink BKS, are excellent anticoagulants, only equalled by heparin. In 
their structure they resemble another azo-dye, afridol violet, from which was derived 
Bayer 205. Bayer 205 has an anticoagulant action which is, however, less effective than 
that of the azo-dyes. They are, on the other hand, excellent trypanocidal agents, only 
slightly less effective than Bayer 205, and with a somewhat higher toxicity. This was 
demonstrated by Huggett & Suffolk on mice infected with 7’. equiperdum. The following 
points, which have been determined as to their mode of action as anticoagulants, may 
throw light on their mode of action as trypanocidal agents: (i) They act at two points 
in the clotting mechanism, as antikinases and antithrombin. (ii) They do not destroy 
thrombokinase, thrombin, or fibrinogen, merely paralysing the action of these two 
enzymes. (iii) They are adsorbed on to the clot if formed. (iv) They disappear asymptoti- 
cally from the blood passing into the urine and into the reticulo-endothelial system. . 
This antienzyme action with blood clotting may bear an analogy with the mechanism 
as trypanocidal agents. The analogy cannot be pushed too far, for the dyes are better anti- 
coagulants but worse trypanocidal agents than Bayer 205. 
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E. BoyLanp. The problem of cancer therapy is possibly more difficult than treatment 
of diseases due to bacteria or trypanosomes, because the tumour tissue closely resembles 
the host’s tissues and because of the great variation in malignant disease. It has been 
shown that sarcomata and carcinomata of mice differ in their response to treatment with 
bacterial filtrates, with colchicine or with heptaldehyde. 

Two lines of approach have led to the conclusion that many diamines are able to reduce 
the rate of growth of tumours. The earliest work was concerned with the effect of extracts 
of normal plant and animal tissues. Extracts of muscle have been examined, and it seems 
possible that inhibitory action is due to the simple bases which are present in such 
preparations. The active bases have either two amino groups (e.g. cadaverine) or a basic 
group and hydroxyl group (e.g. ethanolamine). 

Examination of the effect of antibacterial compounds of the sulphanilamide type showed 
that many aromatic diamines were able to reduce the growth rate of tumours in mice. For 
this activity sulphur is not essential, and benzidine, 4:4’-diaminodiphenylether and 
diaminodiphenylmethane appear to be just as effective as diaminodiphenylsulphoxide 
in the small number of trials that have been carried out. In this type of substance two 
amino groups appear necessary for activity. 

Investigation of the tumour growth-inhibitory actions of heptaldehyde and citral lead 
to the conclusion that some dibasic acids, such as malonic acid, have this same action. 

All of the active substances described can be represented as P—x—P’, where P and P’ 
represent polar groups. None of the substances are sufficiently active to be of much 
practical value, but they indicate a group which might contain some really effective drug 
which might be useful in cancer treatment. 





2. Vitamin B, and Bacterial Oxidations 
2. The Effects of Magnesium, Potassium and Hexosediphosphate Ions 


By J. H. Quastel* and D. M. Webley*, From the Biochemical Laboratory, 
Cardiff City Mental Hospital 


(Received 16 December 1941) 


It was shown in our previous communication [Quastel & Webley, 1941] that vitamin B, 
is essential for the oxidation of acetic acid by propionic acid bacteria. This was demon- 
strated by growing the bacteria on a vitamin B,-deficient medium and by investigating 
the effects of the addition of vitamin B, on the amounts of O, consumed by suspensions 
of the vitamin-deficient bacteria in presence of a variety of substrates. In the case of 
acetic acid it was clear that complete oxidation takes place according to the following 
equation: 1 
CH,COOH + 20, = 2CO, + 2H,0. 


No evidence could be found that pyruvic acid is an intermediate in this reaction, and 
it was concluded that vitamin B, is essential for oxidative attack on the acetic acid mole- 
cule. Vitamin B, greatly stimulates the oxidation of a variety of substances attacked by 
propionic acid bacteria, e.g. glucose, glycerol, lactate, succinate, fumarate, but in these 
cases it was demonstrated that pyruvic acid is formed as an intermediate in their oxida- 
tion. The vitamin B, effect here, therefore, could be interpreted as due to its catalytic 
action on pyruvate oxidation. 

Suggestions [e.g. Weil-Malherbe, 1940; Lipton & Elvehjem, 1940] have been made as 
to the mechanism of action of the vitamin, but further experimental evidence is required 
before the mechanism will be clearly understood. Vitamin B,-deficient propionic acid 
bacteria offer very useful material for securing fresh evidence on the factors influencing 
the action of the vitamin. This paper is concerned with a description of the effects of a 
variety of substances, especially of the ions of Mg, K and hexosediphosphate on vitamin 
B, activity. The mechanism of action of the vitamin will be considered in the light of these 
results. 

Technique 


The technique employed in preparing vitamin B,-deficient propionic acid bacteria and in 
investigating the oxidative metabolism of these bacteria in presence of a variety of 
substrates is fully described in our previous paper [Quastel & Webley, 1941]. When a 
departure is made from this technique, complete experimental details will be given in the 
text. The strain of propionic acid bacteria was obtained from the National Collection of 
Type Cultures, ref. no. 4759. 


Action of Mg** and of K*, at varying pH, on the O, uptake of propionic acid bacteria 
in presence of acetate and vitamin B, 


A characteristic feature of the velocity of O, uptake by propionic acid bacteria respiring 
in a phosphate buffer solution containing acetate and vitamin B,, is that the velocity 
increases with time (see Fig. 1). This is not due to multiplication of the organism during 
the course of the experiment, as has been shown by bacterial counts [Quastel & Webley, 
1941]. The explanation probably is that the pH rises during the course of the oxidation 


* Now at the Rothamsted Experimental Station, Harpenden, Herts. 
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VITAMIN B, AND BACTERIAL OXIDATIONS. II 
Table 1 


O, uptakes (yl./mg. dry-weight bacteria per hr.) of propionic acid bacteria, grown on vitamin B,-deficient 


medium, in 0-03 M Na phosphate buffer containing NaCl, Na acetate (0-01 M) and 2yg. vitamin B,. Air, 37°. 


Qo, 
Mg** and K+ K+ present Mg*+ present K+ and Mgt+ 
pH (initial) absent (31 g./ml.) (8yug./ml.) present 
6-6 17-4 21-4 29-8 49-4 
7-4 37-9 47-1 49-5 73-8 
9-0 61-4 63-5 70-2 81-5 








owing to the formation of Na,CO;, and the velocity of O, uptake increases with the pH. 
Typical results, given in Table 1, show that the O, uptake by the bacteria in presence of 





acetate and a phosphate buffer is much greater at pH 9-0 than at pH 7-4, whilst that at 


pH 7-4 may be over double that at pH 6-6. 


The addition of Mg++, as MgCl,, to the suspension of propionic acid bacteria results in 


a marked increase in the rate of O, uptake in 
the presence of acetate and vitamin B,, the 
percentage increase being greater the lower 
the pH. 

The addition of K+, as KCl, also increases 
the respiration of the bacteria in an acetate- 
phosphate mixture, the effect being less than 
that due to the addition of Mg++. 

When a mixture of Mg++ and K* is added 
to the acetate-phosphate mixture containing 
vitamin B, the respiration of the propionic 
acid bacteria is very greatly increased, the 
increase being considerably greater than the 
sum of the increases due to the Mg++ and 
K+ examined separately. This is specially 
noticeable at pH 7-4 and at higher H+ con- 
centrations. Some typical results are shown 
in Table 1. It will be seen that in presence 
of K* (3lyg./ml.) and Mg++ ions (8yg./ml.) 


900 
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Fig. 1. Rate of O, uptake of vitamin B,-deficient 
propionic acid bacteria in 0-01 M sodium acetate 
containing 2ug. vitamin B, and in presence of 
Mg++ (8 yg./ml.) and K+ (31 yg./ml.). pH 7-4. 
Air, 37°. : 


the Qo, of propionic acid bacteria in an acetate-phosphate mixture containing vitamin 

B,, at pH 7-4, is almost double that obtained in the absence of added Mg++ and K*. 
The Na* concentration of the phosphate-acetate-saline mixture in which the bacteria 

respire is approximately 0-16 M, and an increase of this concentration has no effect on the 


substrates 


bacterial respiration, comparable with that produced by the addition of K*. 


(1) Sodium formate, acetate, propionate and butyrate. As shown in our earlier paper, 


Effects, on the respiration of vitamin B,-deficient propionic acid bacteria, of a mixture of 
Mg*+ and K+, in the presence.and absence of vitamin B,, and in presence of various 


vitamin B,, which exerts little or no effect on the oxidation of formate or butyrate by 
propionic acid bacteria, has a definite effect with propionate and has a very marked 


accelerating action with acetate. 


In the absence of vitamin B, the addition of a mixture of K+ and Mg*+ affects only 
slightly or not at all the respiration of propionic acid bacteria in presence of the fatty 
acids. In the presence of vitamin B,, the addition of the mixture of ions brings about a 


very large increase in the O, uptake when acetate is the substrate, a much smaller one 
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Table 2 


O, uptakes by vitamin B,-deficient propionic acid bacteria.in presence of Na salts of fatty acids (0-01 M), in 
the presence and absence of vitamin B, and of a mixture of Mg++ (8yg./ml.) and K+ (31 yg./ml.). 

Each manometer vessel contained 1-0 ml. saline suspension of freshly washed and freshly grown vitamin 
B,-deficient B. acidi propioni, 0-5 ml. M/5 Na phosphate buffer pH 7-4, the substrate and vitamin B, solu- 
tions and sufficient 0-16 M saline to bring the volume to 3 ml. Air, 37°. Experimental run =1 hr. 

Qo, =uI. O, uptake/hr./mg. dry wt. of bacteria. 

Qo, 
SS Fee See eee 
Vitamin B,, 2yg. vitamin B,, 
Substrate (final conc. Kt+tand Mg++ 2uyg. vitamin B, K+ and Mg++ Kt and Mgt 
=0-01 UM) absent present present present 
Nil 14-2 15:8 ll-1 12-5 
Na formate 23-6 28-0 22:5 24-9 
Na acetate 20-5 33-5 24-8 63-1 
Na propionate 17-6 26-7 21-4 37:8 
Na butyrate 17-2 24-0 19-0 25-1 


when propionate is the substrate, and no change within experimental error when formate 
or butyrate is the substrate. Representative results are given in Table 2. 

It is clear from these results as well as from those in Table 1 that: 

(a) The addition of Mg++ and K* in the absence of vitamin B, has no influence on the 
bacterial oxidation of the lower fatty acids. 

(b) The addition of Mg++ and “K+ exerts a large accelerating effect on the bacterial 
oxidation of acetate, and a much smaller one on that of propionate, when vitamin B, is 
present. 

(c) The accelerating action of Mg++ on the oxidation of acetate by the bacterial suspen- 
sion in presence of vitamin B, is optimal only in the presence of K+. 

The effect of Mg** in increasing the O, uptake by propionic acid bacteria in presence 
of acetate, vitamin B, and K* is perceptible at as low a concentration as lug. Mg**/ml. 
This is shown in Table 3, where it will also be noted that an increase of concentration of 
Mg** from 6 to 60,g./ml. makes no appreciable difference to the Qo,,. 


Table 3 


Conditions as in Table 2. Na phosphate buffer pH 7-4. Acetate 0-01 M. 2yg. vitamin B,, and 3l yg. K+/ml. 
present. Air, 37°. Mg++ added as MgCl,, 6H,O. 


Mg++ conce., Mgt+ conce., 
pg./ml. Qo, pg/ml. Qo, 
Nil 42-6 6-0 58-8 
1-2 49-9 60-0 60-8 


(2) Sodium pyruvate, lactate and «-ketobutyrate. Pyruvate oxidation by propionic acid 
bacteria is much accelerated by the presence of vitamin B, , but this acceleration, contrary 
to what occurs with acetate oxidation, is either slightly or not at all increased by the 
addition of Mg++ and K*. A typical result, given in Table 4, shows that a Qo, of 33:3, 
obtamed in presence of pyruvate and vitamin B, , is only increased to 37-1 by the addition 


of Mg** and K+. Yet under the same experimental conditions, a Qo, of 33-5 obtained in 


Table 4 


O, uptakes (Qo,) by vitamin B,-deficient propionic acid bacteria in presence of Na salts of pyruvic, lactic 
and a-ketobutyric acids. Conditions as in Table 2. K+=3lyg./ml. Mg++ =8yg./ml. 
Vitamin B,, 2g. vitamin B,, 
Substrate K+ and Mg++ 2uyg. vitamin B, K+ and Mgt+ K+ and Mgt+ 
(final cone. =0-01 M) absent present present present 

Na pyruvate 19-9 33-3 23-9 37-1 

Na lactate 35-6 52-8 52-2 72-0 

Na «-ketobutyrate 19-0 21-7 21-5 32-2 
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presence of acetate and vitamin B, is increased to 63-1 by the addition of Mg++ and K+- 
It is clear that if the pyruvate oxidase system of propionic acid bacteria requires the 
participation of Mg++, there must be present in the bacteria, as used in these experiments, 
sufficient Mg to saturate the system; this cannot be the ‘case with the acetate oxidation 
system. 

Lactate oxidation by vitamin B,-deficient propionic acid bacteria differs from pyruvate 
oxidation in the following ways: 

(a) The Qo, with dl-lactate as substrate is much higher than that with pyruvate, in the 
absence of added vitamin B, and Mg++ and K*. It is easy to show that under such condi- 
tions pyruvate accumulates during the lactate oxidation [Quastel & Webley, 1941]. 

(6) The addition of Mgt* and K* secures at pH 7-4 a marked increase in the Qo, without 
the addition of vitamin B,. Thus in the experimental result cited in Table 4a Qo, of 
35-6 is increased to 52-2. ha increase of such magnitude does not occur with pyruvate. 

This effect of a mixture of Mg++ and K* in enhancing the oxidation of lactate by 
vitamin B,-deficient bacteria is probably to be explained by the action of these ions in 
accelerating the removal of pyruvate formed as an intermediary, which, it is now well 
known, inhibits the oxidation of lactate. 


Utilization of pyruvate by vitamin B,-deficient bacteria 


Pyruvate is utilized, or broken down, by propionic acid bacteria at a rate much exceeding 
that which would be expected from the bacterial respiration on the assumption that the 
O, uptake is concerned only with the complete oxidation of the pyruvate present. Taking, 
for example, the typical results cited in Table 5, a Qo, of 19-3, obtained in the absence of 


Table 5 


O, uptakes, and utilizations of Na pyruvate by vitamin B,-deficient propionic acid bacteria. 
Conditions as in Table 2. Air, 37°. —Q,,,,=pl. pyruvate utilized per hr. per mg. dry weight bacteria. 


Substrates Qog  —Qorr. Substrates Qo, —Qpyr. 
0-01 M pyruvate 19-3 10-2 0-01 M pyruvate + Mg++ (8yug./ml.) 23-4 35-2 
0-01 M pyruvate 28-2 18-5 +K+ (31 pg./ml.) 
+ 2yg. vitamin B, 0-01 M pyruvate + 2g. vitamin B, 31:8 405 


+Mgt+ (8yg./ml.) + K+ (31 yg. jm. ) 


vitamin B, or K+ and Mg**, should result in a utilization of pyruvate equal to 19-3/24, 
since 1 ‘nel pyruvate requires 24 mol. O, for complete oxidation. This would be equivalent 
to —Qpyr =7°7. The experimental result is —Q,,, = 10-2, the pyruvate being estimated 
by the method described in our earlier paper. In the presence of vitamin B, the Qo, is 
increased to 28-2 and the utilization of pyruvate is increased to 18-5. It is evident, there- 
fore, that complete oxidation of the pyruvate does not occur. 

The addition of a mixture of Mg++ and K+ greatly increases the rate of disappearance 
of pyruvate by propionic acid bacteria, even in absence of vitamin B,, without any com- 
parable increase in the Qo,. Thus, whereas the Qo, is increased from 19-3 to 23-4 by the 
addition of these ions, the utilization of pyruvate is increased from —10-2 to —35-2. 
Such an increased disappearance of pyruvate, effected by the presence of Mg** and K*, 
cannot be brought about only by oxidation of the molecule. Whether a dismutation of the 
pyruvate takes place, which is greatly catalysed by the presence of Mg++ and K* and 
which is independent of the action of vitamin B,, has still to be elucidated. 

This phenomenon, as has been mentioned already, prot ably accounts for the accele- 
rating effect of a mixture of Mg++ and K+ on the oxidation of lactate by vitamin B,- 
deficient bacteria. 

As stated in our earlier paper the oxidation of «-ketobutyrate is not greatly affected by 
the presence of vitamin B,. Nor is it appreciably accelerated by the addition of a mixture 
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of Mg** and K+. When, however, a mixture of vitamin B,, Mg++ and K* is added to the 
suspension of propionic acid bacteria, the O, uptake in presence of «-ketobutyrate is 
definitely increased. The process resembles that occurring with propionate, and it is 
possible that the facts may be explained on the assumption that the oxidation of «-keto- 
butyrate takes place via the intermediate formation of propionate. 

(3) Sodium succinate, fumarate, malate, citrate and «-ketoglutarate. The O, uptake by 
vitamin B,-deficient propionic acid bacteria in presence of Na succinate is very greatly 
increased by the addition of a mixture of Mg++ and K+, even in the absence of added 


Table 6 


O, uptakes by vitamin B,-deficient propionic acid bacteria in presence of Na salts of succinic, fumaric, malic, 
citric and «-ketoglutaric acids. Conditions as in Table 2. K+=3lyg./ml. Mg++ =8yg./ml. 
Qo, 
Cn ee 
Vitamin B,, é 2g. vitamin B,, 
Substrate K+ and Mg++ 2g. vitamin K+ and Mg++ K+ and Mg++ 
(final conc. =0-01 M) absent B, present present present 


Na succinate. 29-9 49-1 58-4 66-8 
Na fumarate 28-3 44-6 53-3 64:8 
Na dl-malate 19-3 26-0 21-8 22-8 
Na l-malate 18-9 26-1 17-6 20-8 
Na citrate 16-5 18-1 12-7 15-5 
Na «-ketoglutarate 17-8 16-8 12-8 13-4 


vitamin B,. A Qo, of 29-9 obtained in the absence of the vitamin and of Mg** and K* is 
increased to 58-4 by the addition of the ions alone. The same phenomenon occurs with 
fumarate. The phenomenon is much more pronounced than in the case of lactate oxidation 
to which reference has already been made. 

The addition of vitamin B, also increases the O, uptake of the propionic acid bacteria in 
presence of succinate or fumarate, both in the absence and in the presence of a mixture of 
Mg** and K*, but.the percentage increase is greater in the absence of the ions. Typical 
results are shown in Table 6. These results also show that the oxidation of malate 
(dl- and I-), citrate or «-ketoglutarate, in the presence of vitamin B, and K+ and Mg** is 
small compared with that of succinate or fumarate. A possible explanation of the sur- 
prisingly small rate of oxidation of malate is given in our earlier paper. There is clearly 
no accelerating effect of Mg++ and K+ on the oxidation of malate, citrate or «-keto- 
glutarate. 

The accelerating action of a mixture of Mg++ and K+ on succinate oxidation by 
vitamin B,-deficient propionic acid bacteria is considerably greater than the sum of the 
effects due to the ions taken singly. This is seen in Table 7, where results obtained at 


Table 7 


O, uptakes by vitamin B,-deficient propionic acid bacteria in presence of 0-01 M Na succinate at various 
H* concentrations. Effects of Mg++ and K+. Conditions as in Table 2. No vitamin B, present. 


Qo. 


A 


Mg++ (8yg./ml.) 
and 


K+ and Mg++ Mg++ present K+ present K+ (31 yg./ml.) 
absent (8 ug-/ml.) (31 wg./ml.) present 
6-6 16-1 13-5 34:8 
17-6 24-8 22-4 43-4 
19-1 22-0 20-3 33-5 
different H+ concentrations are given. Thus it is evident that, as in the case of acetate in 
the presence of vitamin B,, the accelerating effect of Mg++ on succinate oxidation by the 
bacteria is optimal only in the presence of K+. The same conclusion applies to the oxida- 
tion of fumarate by the bacterial suspensions. 
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A probable explanation of the high catalytic action of Mg++ and K* on succinate 
oxidation by propionic acid bacteria is to be found in the fact that oxaloacetate break- 
down by these bacteria is greatly accelerated by the ions in question. It is known that 
oxaloacetate inhibits succinic dehydrogenase, and upon this fact the effects of cozymase 
and of nicotinamide on succinate oxidation by animal tissues have been readily explained 
[Keilin & Hartree, 1940; Mann & Quastel, 1941]. In the presence of propionic acid bac- 
teria, oxaloacetate undergoes a slow breakdown, which is rapidly catalysed by the presence 
of a mixture of Mg++ and K+. A typical result is shown in Table 8. The oxaloacetate was 


Table 8 


Each manometer vessel contained 1-0 ml. freshly grown and washed vitamin B,-deficient propionic acid 
bacteria, 0-5 ml. Na phosphate buffer, pH 7-4 and Na oxaloacetate solution. Solutions containing vitamin 
B,, Mg++ and K+ were added and then saline to 3 ml. Air, 37°. 


pl. oxaloacetate re- pl. oxaloacetate re- 
Substrates maining after 1 hr. Substrates maining after 1 hr. 
1941. oxaloacetate 174 , 194y1. oxaloacetate and Mgt+ 74 
(8yug./ml.) and K+ (31 yg./ml.) 
194]. oxaloacetate 110 1941. oxaloacetate and 2g. 52 
and 2yg. vitamin B, vitamin B, and Mgt+ (8yug./ml.) 


and K+ (31 yg./ml.) 


estimated by the procedure given by Greville [1939]. The addition of vitamin B,, in the 
absence of added Mg++ and K+, will also catalyse at a slower rate the breakdown of 
oxaloacetate in presence of the bacterial suspension. The maximum rate of breakdown is 
secured by a mixture of vitamin B, and Mg++ and K*. 

The catalytic effect of Mg++ msl K+ on oxaloacetate breakdown by suspensions of 
propionic acid bacteria renders very likely the view that these ions increase bacterial 
succinate oxidation by removal of the inhibitory intermediate, oxaloacetate. It has been 
shown earlier [Quastel & Webley, 1941] that there is good evidence for the formation of 
pyruvate, and therefore of oxaloacetate, during the oxidation of succinate by the pro- 
pionic acid bacteria. If this view is true, however, it must also be concluded that oxalo- 
acetate inhibits the oxidation of fumarate as well as that of succinate, for Mg++ and K+ 
accelerate the oxidation of fumarate by suspensions of the propionic acid bacteria. 

These results, with the intact cells of propionic acid bacteria, clearly show that a 
mixture of Mg++ and K+ will rapidly catalyse the breakdown both of oxaloacetate and of 
pyruvate, these phenomena being apparently independent of the presence of vitamin B, . 

Recently, Krampitz & Werkman [1941] have shown that with a lysed preparation of 
M. lysodeikticus, Mg++ alone catalyse the breakdown of oxaloacetate to pyruvate. This 
process is not influenced by vitamin B,. They were unable to observe this phenomenon 
with intact living cells, with which these authors (confirming the results of Penrose & 
Quastel [1930]) have shown that permeability relations play a very. important part in 
determining access of the substrates under investigation to the enzymes. With propionic 
acid bacteria suspensions there appears to be a small but definite accelerating effect of 
vitamin B, on oxaloacetate removal. Conceivably this may be due, in the intact cell, to 
a more rapid removal of pyruvate. 

(4) Methyl, ethyl and propyl alcohols. Methyl alcohol undergoes little or no oxidation 
by suspensions of propionic acid bacteria at pH 7-4 and neither vitamin B, nor Mg++ and 
K* induces any oxidation of this alcohol. With ethyl alcohol, however, there is both a 
catalysis of O, uptake by Mg++ and K* in the absence of added vitamin. B, and a catalysis 
by vitamin B, alone. A representative result is given in Table 9. As shown in our earlier 
paper, the accelerating effect of vitamin B, is probably largely due to the effect of the 
vitamin in increasing the oxidation of acetic acid produced as an intermediary. This 
cannot be the explanation of the accelerating effect of Mg++ and K* in the absence of 
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Table 9 


O, uptakes at pH 7-4 by vitamin B,-deficient propionic acid bacteria in presence of methyl, ethyl or propyl 
alcohol. Conditions as in Table 2. 

Qo, 

2 


Vitamin B,, K+ (3lyg./ml.) and 2yg. vitamin B, and 
Substrate K+ and Mgt+ 2ug. vitamin Mg++ (8yug./ml.) K+ (31 yug./ml.) +-Mgtt 
0-01 M absent B, present present (8yug./ml.) present 
Methyl alcohol 15-4 17-0 11-5 13-9 
Ethyl alcohol 20-7 28-5 32-2 44-1 
Propyl alcohol 23-6 28-2 61-7 66-2 





vitamin B,, since as has been seen earlier (see Table 2) these ions have little or no effect 
on acetic acid oxidation in absence of the vitamin. The conclusion would be that Mgt+ 
and K+ catalyse the conversion of ethyl alcohol into acetic acid by resting propionic acid 
bacteria. 

Propyl alcohol oxidation by these bacteria is accelerated very greatly (much more so 
than in the case of ethyl alcohol) by Mg++ and K*. This is seen in Table 9, where it will be 
observed that a Qo, of 23-6 is raised to 61-7 by the addition of the ions. The addition of 
vitamin B, has only a relatively small effect on the O, uptake obtained when propyl 
alcohol is oxidized with or without Mg++ and K+. 

The catalytic effect of Mg++ and K* on the oxidation of ethyl and propyl alcohols may 
be confined to the activation of the alcohols themselves by their respective dehydro- 
genases, or to the accelerated formation of a coenzyme, or to the oxidation of inter- 
mediates, e.g. the aldehydes. Further experiment is required to settle these points. 

(5) Glycerol, glucose and fructose. The addition of vitamin B, increases the O, uptake 
of vitamin B,-deficient propionic acid bacteria in presence of glycerol, glucose and 
fructose. This may be expected from the fact that these substances give rise to pyruvic 
acid as an intermediate [Quastel & Webley, 1941]. The addition of a mixture of Mg++ and 
K* has no accelerating effect upon the oxidation of glycerol and fructose, but there is a 
small and definite increase of the O, uptake, both in the absence and the presence of 
vitamin B, in the case of glucose (Table 10). 


Table 10 


O, uptakes at pH 7-4 by vitamin B,-deficient propionic acid bacteria in presence of glycerol, glucose or 
fructose. Conditions as in Table 2. 
& 





c =e 
Vitamin B,, Mgt+ (S8yg./ml.) and 2yg. vitamin B,, 
Substrate Mg*+ and K+ 2g. vitamin K+ (31 yg./ml.) Mg++ (8yg./ml.) and 
(0-01 M) absent B, present present K+ (31 ug./ml.) present 
Glycerol 28-8 35-7 28-9 34-1 
Glucose 23-5 34-3 32-5 38-9 
Fructose 28-4 32-2 20-5 24-2 


(6) Other substances. Typical results obtained with a variety of substrates are shown 
in Table 11. Na oxalate is either feebly or not at all oxidized by propionic acid bacteria. 
Na glycollate is similarly inert. There seems to be a slight vitamin B, accelerating effect on 
the oxidation of Na f-hydroxybutyrate which is increased to a small extent by the 
addition of Mg++ and K+. Na «-glycerophosphate oxidation seems not to be affected by 
vitamin B,, but this substance shows a peculiarity in that its oxidation is definitely de- 
pressed by the addition of Mg++ and K+. Hexosediphosphate oxidation at pH 7-4 is not 
affected within the limits of experimental error by vitamin B, and is not increased by the 
admixture of Mg++ and K+. Glutamate oxidation is slightly increased by the addition 
of the vitamin, this being further increased by the admixture of Mg++ and K+. The same 
phenomena are observed with alanine and glycine, but generally speaking the effects are 
all small. 
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Table 11 


Conditions as in Table 2. 
Qo, 


‘Vitamin B,, Mgt+ (8yug./ml.) and  2yg. vitamin B,, 
Substrate Mg*+ and K+ 2g. vitamin K+ (31 yg./ml.) Mg++ (8yug./ml.) and 
(0-01 M) absent B, present present K+ (31 yg./ml.) present 


Na glycollate 16-7 21-0 15-0 19-0 
Na oxalate 16-0 19-4 11-2 13-7 
Na B-hydroxybutyrate 18-4 22-7 19-7 25-5 
Na «-glycerophosphate 16-9 18-8 9-2 10-4 
Na hexosediphosphate 21-0 21-0 17-4 17-5 
Na /-glutamate 18-9 25-9 18-9 31-4 
Glycine 17-8 25-5 22-4 29-5 
Alanine 16-6 20-6 21-6 26-4 








Possible interpretation of the effects of Mg** and K+ 


The accelerating effects of vitamin B,, in the absence of added Mgt+ and K+, on the 
oxidation of substrates by resting propidnic acid bacteria, can be readily explained as due 
to the catalysed oxidation of pyruvate or acetate formed as intermediaries. 

The effects of Mg++ and K+, however, can be divided into two classes: (a) those which 
occur in the absence of added vitamin B,, (b) those which occur only in the presence of 
vitamin B,. To the first class belong the oxidations of succinate, fumarate, ethyl alcohol, 
propyl alcohol, lactate, glucose. It has to be borne in mind, however, that the vitamin 
B,-deficient propionic acid bacteria may still contain traces of the vitamin, and the 
possibility that such traces may be playing an important part in the oxidation of sub- 
stances which may be catalysed only by the addition of Mg** and K* cannot be disre- 
garded at present. To the second class belong acetate and propionate. A class of substrate 
whose oxidation seems only to be accelerated by vitamin B,, and not by the addition of 
Mg++ and K+, includes pyruvate and glycerol. Here again, however, it is to be re- 
membered that traces of Mg exist in the bacterial suspensions and that such traces may 
be ample for the vitamin B,-catalysed oxidations of pyruvate and glycerol. 

It has already been suggested that the effects of Mg++ and K* on succinate and 
fumarate oxidations may be due to the catalysed removal of oxaloacetate formed as an 
intermediary, and similarly the effect of the ions on lactate oxidation may be due to the 
catalysed removal of pyruvate. Such an explanation cannot be given, on present evidence, 
to the effects of the ions on propyl alcohol and ethyl alcohol oxidations. Here, pre- 
sumably, a dehydrogenase system involved in these oxidations is catalysed by the ions 
in question. 

The effects of the ions on acetate oxidation in presence of vitamin B, obviously involves 
an explanation different from those given above, since the vitamin is definitely implicated. 
Evidence has already been given by Quastel & Webley [1941] that acetate oxidation by 
propionic acid bacteria does not proceed mainly via the intermediate formation of 
succinate, and Krebs & Eggleston [1941] have recently confirmed this conclusion. Hence 
the acceleration of acetate oxidation by Mg++ and K* in presence of vitamin B, cannot be 
due to an effect of the ions on the oxidation of succinate produced as an intermediary. 
For the interpretation of the effects of the ions on acetate oxidation further experimental 
evidence is required, and such evidence will be considered later. 

The effect of K+ in markedly enhancing oxidations by resting propionic acid bacteria 
in presence of Mg++ may be attributed to the action of K+ on the permeability of the cell. 
It is suggested that in presence of K+ permeability of the cell to Mg** is increased so that 
there ensues a more effective oxidation of the substrate, whose combustion necessitates 
the presence of Mg*+. This interpretation is supported by evidence to be given shortly. 

The results on the oxidations by resting propionic acid bacteria which have been given 
so far are summarized in Table 12. 
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Table 12 
Effect on Effect on 
Effect on oxidation Effect on oxidation 
oxidation Effect on of addi- oxidation Effect on of addi- 
of addi- oxidation tion of of addi- oxidation tion of 
tion of only of addi- vitamin B,, tion of only of addi- vitamin B,, 
Mg++ and tion of only Mgt+ and Mg++ and tion of only Mg++ and 
Substrate K+ vitamin B, K+ Substrate K+ vitamin B, K+ 
Formate 0 0 0 Malate (dl- and I-) ee (+) (+) 
Acetate mass ++ ttre s+ «-Ketoglutarate 0 0 0 
Propionate 0 + +a Citrate 0 0 0 
Butyrate 0 0 0 Glucose - = ++ 
Lactate - + ++ Glycerol 0 a + 
Pyruvate 0 ++ + ++ Methyl alcohol 0 0 0 
a-Ketobutyrate 0 (+) -- Ethy! alcohol + ++ 
Succinate ++++ + ++ttt Propyl] alcohol ++++ + ++++4 
Fumarate t+t+ + +++++ Hexosediphosphate 0 0 0 


Effect of replacement of Mgt+ by Mn++ 
Mn++ cannot replace Mg++ as an accelerator of the oxidation of acetate. On the contrary, 
the addition of Mn++ depresses the oxidation of acetate by resting propionic acid bacteria 
in presence of vitamin B, (Tables 13, 14). 
Table 13 ; 
Conditions as in Table 2. Mn++ given as MnSO,, 4H,O (0-01 %). 
Qo, 
eh at ee Ty Tae a ran 
2g. vitamin B,, 
Mn++ (25yg./ml.) 2g. vitamin B, and 2yg. vitamin B, and 


2yug. vitamin B, and K+ (3lyg./ml.) Mn+ (25yg./ml.) , K+ (31 ug./ml.) 
Substrate present present present present 
Nil 14-6 13-4 oo — 
Acetate. 41-3 25-7 28-2 41-9 
Table 14 
Conditions as in Table 2. K+ throughout=0-03 M. Na acetate=0-01 M. Mgt++=0-067% MgCl,, 6H,O, 
Mn++ =0-067 % MnSO,, 4H,0. 
pl. O, uptake pl. O, uptake 
in | hr. in | hr. 
Acetate 154-7 Acetate + 24g. vitamin B, and Mg++ 900-0 
+2pg. vitamin B, 654-0 +Mn*+ 156-5 
+Mgt++ 190-0 +2yg. vitamin B, and Mn++ 354-0 


Effect of hexosediphosphate on oxidations due to resting propionic acid bacteria 
Whilst, as has been stated earlier, hexosediphosphate undergoes little oxidation by pro- 
pionic acid bacteria, its admixture with certain substrates brings about a large increase 
in their rates of oxidation. Representative results with acetate and succinate are given 
i ble 15. 
in Table 15 Table 15 


O, uptakes by vitamin B,-deficient propionic acid bacteria at pH 7-4 in the presence and absence of Na 
hexosediphosphate (0-01 M). Conditions as in Table 2. No Mg*+ present. Air, 37°. 





Qo, 
Gen et eee Or eee 
2g. vitamin B, 
Substrates Vitamin B, and K* (3lyg./ml.) 2yg. vitamin B, and K+ (31 yg./ 
(0-01 M) K+ absent present present ml.) present 
Nil 14-2 14-7 15-8 15:3 
Acetate 15-4 18-7 37-9 47°] 
Hexosediphosphate 17-3 17-4 18-4 17-5 
Acetate + hexosediphosphate 18-1 19-0 43-0 64-4 
Succinate 21-4 26-4 36-3 38-4 


Succinate + hexosediphosphate 36-8 59-8 60-8 65-2 
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The addition of hexosediphosphate to succinate brings about a large increase in the 
rate of O, uptake by propionic acid bacteria, even in the absence of vitamin B,, Mg++ and 
K+. When K* is present the increase in Qo, brought about by the addition of hexose- 
diphosphate is much greater than in the absence of K+. Thus a Qo, of 26-4, obtained 
with succinate as substrate, with K+ present and vitamin B, absent, is increased to 59-8 
by the admixture of 0-01 M hexosediphosphate. 

Using acetate as substrate, hexosediphosphate admixture brings about no stimulation 
of the O, uptake, even in the presence of K+, until vitamin B, is added. In the presence of 
vitamin B, and K*, the addition of hexosediphosphate increases the Qo, obtained with 
acetate from 47-1 to 64-4. 

The behaviour of hexosediphosphate ions in these oxidations is precisely the same as 
that of Mg++. This makes it likely that both hexosediphosphate and Mg** are ultimately 
concerned with the same metabolic process in propionic acid bacteria. This view is sup- 
ported by the fact that the addition of Mg ions to a system already containing hexose- 
diphosphate leads to no further increase in the rate of O, uptake (Table 16). 


Table 16 

O, uptakes by vitamin B,-deficient propionic acid bacteria in presence of 2g. vitamin B,. Conditions as in 
Table 2. pH 7-4. Substrate Qo, 

Acetate (0-01 M) 33-5 

Acetate + hexosediphosphate (0-01 M) . 40-5 

Acetate + hexosediphosphate + Mg++ (8yug./ml.) 37-4 

Acetate + hexosediphosphate + K+ (31 yg./ml.) 64-4 

Acetate + hexosediphosphate + K+ (31 yg./ml.) +Mgt+ (8yg./ml.) 63-0 


K ions exert the same accelerating action in the presence of hexosediphosphate as they 
do in the presence of Mg ions (Tables 15-17). It seems most likely that the K behaves 
similarly in both cases, i.e. it increases the permeability of the cells of propionic acid 
bacteria to both Mg and hexosediphosphate ions. This conclusion is supported by the 
fact that the presence of K+ has an increasingly greater percentage effect on the O, uptake 
the smaller the concentration of hexosediphosphate ions (Table 17). 


Table 17 


O, uptakes by vitamin B,-deficient propionic acid bacteria in the presence of succinate and with varying 
quantities of hexosediphosphate. pH 7-4. Conditions as in Table 2. 


Qo; 
ee ee oT 
Cone. of hexosediphos phate 0-01 M succinate 0-01 M succinate and 
M present K+ (31 yg./ml.) present 
Nil 21-4 26-4 
0-0003 22-4 41-6 
0-01 44-8 59-8 


The effect of varying the concentration of hexosediphosphate ions on the O, uptake by 
propionic acid bacteria in presence of acetate, vitamin B, and K+ is shown in Table 18. 
It will be observed that the effect of hexosediphosphate under these conditions is not 
apparent at a concentration of 1-7 x 10-4 M but becomes marked at 10-3 M. 


Table 18 


0, uptakes by vitamin B,-deficient propionic acid bacteria in presence of acetate (0-01 M), 2ug. vitamin B, 
and K+ (3lyg./ml.). Conditions as in Table 2. pH 7-4. 


Conc. of hexosediphosphate (M) Qo, Cone. of hexosediphosphate (M) Qo, 
Nil 40-3 1-0 x 10-3 55-3 

1-1 x 10-* 40-3 2-0 x 10-3 59-1 

1-7 x 10-4 39-4 5-0 x 10-8 66-5 


to 
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Sodium «-glycerophosphate 


a-Glycerophosphate exerts little or no catalytic action on the rate of O, uptake by 
propionic acid bacteria in the presence of succinate (Table 19). 


Table 19 


O, uptakes by vitamin B,-deficient propionic acid bacteria in presence of Na «-glycerophosphate and Na 
succinate. 2ug. vitamin B, present. Conditions as in Table 2. 


Substrate (0-01 M) Qo, Substrate (0-01 M) Qo, 


Nil 15-8 Succinate and «-glycerophosphate 41:3 
Succinate 36-3 Hexosediphosphate 18-4 
a-Glycerophosphate 18-8 Succinate and hexosediphosphate 60-8 


Effects of preliminary exposure of vitamin B,-deficient propionic acid 
bacteria to Mg** and K+ on subsequent bacterial oxidations 


In the experiments now to be described a new technique is adopted. This consists of 
incubating freshly grown and washed propionic acid bacteria in solutions of known 
composition in air at 37°, the suspensions being shaken in vessels of the Warburg apparatus. 
After a period of usually 1 hr. the contents of the vessels are centrifuged at high speed, 
and the deposit of centrifuged bacteria is suspended in saline and centrifuged again. This 
deposit of saline-washed bacteria is now suspended in 2 ml. saline which is transferred to 
a fresh Warburg manometer vessel. To this is added 0-5 ml. 0-2 M sodium phosphate 
buffer, usually pH 7-4, and solutions of various substrates to make up a total volume of 
3 ml. O, uptakes at 37° are obtained in the usual way, the experimental run being 1 hr. 


Table 20 


Substances present in solution in which O, uptake of washed and previously incubated bacteria. * 
preliminary incubation was carried out. . Na acetate (0-01 M). 2ug. vitamin B, present. No K+ or 
pH 7-4, Air, 37°. 1 hr. Mg++ present. pH 7-4. Conditions as in Table 2 


Qo, 


Na phosphate-saline 33-3 

Na phosphate-saline + Mg++ (8yg./ml.) 77-4 

Na phosphate-saline + K+ (31 yg./ml.) : 35-9 

Na phosphate-saline + Mg++ (8yug./ml.) 92-2 
+ K+ (3lyg./ml.) 


Using this technique, the propionic acid bacteria are exposed to phosphate or saline 
solutions containing Mg++, or K+, or hexosediphosphate ions etc. After centrifuging and 
washing, the bacteria, exposed in this way, must contain only the smallest traces of the 
ions in question, and the subsequent O, uptakes obtained by these bacteria with sub- 
strates such as acetate and succinate indicate whether the ions have affected metabolic 
processes in the cell independently of the substrates subsequently oxidized. 

A typical result illustrating the utility of this technique is shown in Table 20. Here 
freshly grown and saline-washed vitamin B,-deficient propionic acid bacteria were sus- 
pended in 3 ml. saline-Na phosphate buffer (0-03 M pH 7-4) containing no added Mgt+ 
and K*, and in a saline-phosphate medium containing either Mg**, or K+, or a mixture 
of Mg++ and K+. After incubation, with shaking, in air at 37° for 1 hr. the four suspensions 
were centrifuged and well washed and suspended in a saline-phosphate medium con- 
taining 0-01 M acetate together with 2ug. vitamin B,, but with no Mgt* or K+ present. 
The rates of O, uptake were measured and the results are given in Table 20. It will be 
seen that 1 hr. exposure to Mg*+ (8ug./ml.) has resulted in the production of an organism 
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which oxidizes acetate (in the presence of vitamin B,) at 2} times the rate at which 
acetate is oxidized by an organism not .exposed to Mg++. Exposure to a mixture of 
Mg*+ and K* results in a still more actively oxidizing organism. Exposure only to K* 
leads to little or no effect on the oxidizing ability of the organism so far as acetate is . 
concerned. 

It may be considered that in spite of the washing of the exposed organism sufficient 
Mg is carried over to the new vessel, with the deposit of centrifuged organism, to effect 
the accelerations which have already been described. Calculation shows, however, that 
after incubation of the bacteria in 3 ml. of a solution of Mg++ at a concentration of 
8yg./ml. (the concentration which has been usually used to demonstrate the effect of Mg), 
the largest quantity of Mg++ which could be mechanically carried over, after centrifuging 
and washing, to the 3 ml. of solution in the fresh Warburg vessel would be 0-lug. This 
would yield a Mgt+ concentration of 0-03yg./ml. in the solution containing the acetate 
and vitamin B,. Such a concentration would be quite unable to effect the large increase 
in O, uptake noted in Table 20 (see also Table 3, where it will be seen that Mg** at a con- 
centration of 1-2ug./ml. whilst showing a definite increase in Qo, by no means exerts its 
maximal effect). 

Since it is clear that the large increase in Qo,, noted in Table 20, which is effected by 
bacteria exposed to Mg++ cannot be due to Mgt+ mechanically carried over with the 
centrifuged and washed organism, it follows that the increased activity of the organism 
must be due either 

(a) to Mgt+, which has been absorbed by the bacterial cell or enzymic structures 
within the cell, and which is not easily washed away or 

(6) to metabolic changes which have taken place in the bacterial cell during the 
hour’s exposure of the cell to the Mg*+. 

It seems likely that both these explanations are possible and they will be considered 
again when further evidence has been described. 

The effects of exposing vitamin B,-deficient propionic acid bacteria to varying con- 
centrations of Mg++ and K* on the subsequent oxidation of acetate in presence of vitamin 
B, are shown in Table 21. It will be seen that, as in the experiments reported earlier, 


Table 21 


Substances present in medium in which preliminary O, uptakes by washed and previously incubated 
incubation was carried out. Saline-Na phosphate bacteria. Na acetate (0-01 M). 2yg. vitamin B, 
(0-03 M) pH 7-4. Mg++ added as MgCl,, 6H,O. present. No K+ or Mg*t+ present. Conditions as in 
K+ added as KCl. Mn++ added as MnSO,,4H,O Table 2. pH 7-4 


: Qo, 


K+ (31 yg./ml.) 16-5 
K+ (31 yg./ml.) +Mgt+ (2ug./ml.) 
K+ (31 yg./ml.) + Mg++ (8yug./ml.) 
K+ (31 ug./ml.) + Mgt+ (80ug./ml.) 
Mg++ (8yug./ml.) 

Mg++ (8yug./ml.) + K+ (9-2yg./ml.) 
Mg++ (Syg./ml.) + K* (31 yg./ml.) 
Mg++ (8yg./ml.) + K+ (155 yg./ml.) 
Mg++ (8yug./ml.) + K+ (310yg./ml.) 
Mgt+ (8ug./ml.) + K+ (775 yg./ml.) 
Mn++ (4ug./ml.) 

Mn++ (4g./ml.) + K+ (31 ug./ml.) 


K* at a concentration of 3lyg./ml. and Mg++ at a concentration of 8ug./ml. gave optimal 
effects. Exposure to Mn++ (4yg./ml.) appears only to inhibit the oxidative activity of the 
bacteria (Table 21). 
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Effect of incubation of propionic acid bacteria with hexosediphosphate 
on the subsequent oxidation of acetate 
Exposure of vitamin B,-deficient propionic acid bacteria for 1 hr. in air (with shaking) 
at 37° to 0-01 M hexosediphosphate results in the production of an organism which 
oxidizes acetate in the presence of vitamin B, at a much higher rate than is accomplished 
by bacteria not so exposed. Typical results are shown in Table 22. It will be seen that 
exposure to hexosediphosphate together with K+ results in an even more actively 


Table 22 


Substances present in the phosphate- O, uptakes by washed and previously incubated bacteria. 
saline medium in which the preliminary Acetate (0-01 M) 2yug. vitamin B, present. No K+ or Mgt+ 
incubation was carried out present. pH 7-4. Conditions as in Table 2 


2 Qo, 
aS : . 16-0 
Na hexosediphosphate (0-01 M) 42-6 


K+ (31 yg./ml.) 18-8 
Na hexosediphosphate (0-01 M) ; 65-1 
and K+ (31 yg./ml.) 
oxidizing organism. The results are entirely comparable with those obtained after ex- 
posure of the bacteria to Mg++ (see Table 20) and support the view already put forward 
that both magnesium and hexosediphosphate influence the same metabolic process leading 
to increased oxidation of acetate in presence of vitamin B,. 

It may be considered, as in the case of the Mg experiments, that traces of hexose- 
diphosphate are carried over mechanically with the centrifuged organism after washing 
to the medium containing acetate and vitamin B,, and that such traces are responsible 
for the acceleration of oxidation. That this is not the case may be seen from the results 
in Table 23. Here it will be seen that the bacteria which had been exposed to hexose- 
diphosphate (0-01 M), centrifuged and washed three times with 3 ml. saline, gave as high 


Table 23 
O, uptakes in acetate (0-01 M) and 2yg. 
vitamin B,. Conditions as in Table 2 


Qo, 


After 2 washings After 3 washings 


Bacteria exposed to K+ (31 yg./ml.) only 19-4 18-4 
Bacteria exposed to Na hexosediphosphate (0-01 M) and 61-2 60-7 
K+ (31 yg./ml.) 

a Qo, in an acetate medium containing vitamin B, (but free from Mgt+ and K*) as that 
given by the organism similarly exposed but only washed twice with 3 ml. saline. 
Calculation shows that the concentration of hexosediphosphate, carried over mechani- 
cally, in the final medium.after the third washing cannot be greater than 3 x 10-* M, and 
it will be seen from Table 18 that such a small quantity cannot produce the acceleration 
of Qo, noted in Table 23. 

Curves illustrating the effects of exposure to hexosediphosphate on the oxidizing 
ability of propionic acid bacteria are shown in Fig. 2. 

The effect of exposing the vitamin B,-deficient propionic acid bacteria to hexose- 
diphosphate on the subsequent oxidation of acetate (with or without the presence of 
vitamin B,) is quantitatively the same as that of exposing the organism to Mg++. More- 
over, the effect is still quantitatively the same if the hexosediphosphate is mixed with 
Mg** in the initial incubation. This result is seen in Table 24. 

If the organism be incubated in a solution containing only vitamin B,, and then well 
washed, the organism subsequently oxidizes acetate (in the absence of added vitamin B,) 
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as though vitamin B, were present. Thus incubation of the organism in a medium con- 
taining vitamin B, appears to saturate it with the vitamin and this cannot be removed 
by simple washing. Incubation of the organism with acetate in the presence of vitamin 
B, , under aerobic conditions, results in the formation of an organism which subsequently 


B 


A 
30 45 60 75 


Time (min.) 


Fig. 2. A. Rate of O, uptake in 0-01 M Na acetate after preliminary aerobic incubation for 1 hr. in phos- 
phate-saline. B. Rate of O, uptake in 0-01 M Na acetate after preliminary aerobic incubation for 
1 hr. in phosphate-saline containing 0-01 M Na hexosediphosphate. C. Rate of O, uptake in 0-01 @ 
Na acetate in presence of 2g. vitamin B, after preliminary aerobic incubation for 1 hr. in phosphate- 
saline. D. Rate of O, uptake in 0-01 M Na acetate in presence of 2g. vitamin B, after preliminary 
aerobic incubation for 1 hr. in phosphate-saline containing 0-01 M Na hexosediphosphate. 


oxidizes acetate at a slightly higher rate than if the organism had been previously incu- 
bated with vitamin B, in the absence of acetate. Incubation of the organism in a medium 
containing Mg++ and K+ and vitamin B, leads to the production of an organism which, 


Table 24 


Substances present in the Na phosphate (0-03 M)-saline O, uptakes of washed and previously incu- 
medium (pH 7-4) in which the preliminary incubation was bated vitamin B,-deficient propionic acid 
carried out. Air, 37°. 1 hr. bacteria in acetate, and in acetate solution 
containing vitamin B,. Conditions as in 

Table 2. pH 7-4. No K+ or Mg** 


Qo, 


Acetate (0-01 M) and 
Acetate (0-01 M) 2yg. vitamin B, 
— 4:7 13-3 
Mg++ (8ug./ml.) and K+ (31 yg./ml.) 10-4 50-2 
Na hexosediphosphate (0-01 M) 13-6 48-3 
2ug. vitamin B, 14-2 13-0 
Na acetate (0-01 M) and 2yg. vitamin B, 19-3 19-5 
Mg++ (8yug./ml.), K+ (31 ug./ml.) and Na acetate (0-01 M) 9-5 54-2 
Mg++ (Syg./ml.), K+ (31 ug./ml.) and 2yg. vitamin B, : 59-1 55-2 
Mg++ (8yug./ml.), K+ (31 yg./ml.), Na acetate (0-01 M) and 58-2 56-5 
2ug. vitamin By 
Mg++ (Sug./ml.), K+ (3lyg./ml.) and Na hexosediphos- 12-0 50:3 
phate (0-01 M) 


after well washing, subsequently oxidizes acetate -(in the absence of the ions and the 
vitamin) at the same rate as if the ions and vitamin B, were present together with the 
acetate. Representative results illustrating these phenomena are shown in Table 24. 
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They clearly indicate that the cell after incubation in the presence of Mg++, or hexosedi- 
phosphate, and vitamin B, becomes saturated with a system bringing about optimal 
oxidation of acetate, and that this system cari be formed in the absence of acetate. 


Effect of incubation of vitamin B,-deficient propionic acid bacteria with 
Mg++ and K+ on the subsequent oxidation of pyruvate 


It has been shown earlier (see Table 4) that addition of Mg++ and K+ to a pyruvate 
medium has little influence on the O, uptake by the bacterial suspension whether vitamin 
B, be present or not. If, however, the bacteria be incubated with Mg++ and K* for 1 hr. 
under the conditions already specified, the organism, after centrifuging and washing, 
oxidizes pyruvate at a much higher rate than if it had not been exposed to Mg++ and K*. 
This result is seen in Table 25. It shows that the effect of incubating the bacteria with 
Mg** results in the formation of a system (or systems) bringing about the rapid oxidation 
of both acetate and pyruvate. Incubation with acetate or pyruvate, in the absence of 
Mg++ and K+, leads only to slightly increased subsequent rates of oxidation of these 
substrates (Tables 24, 25). 
Table 25 


Substances present in the phosphate (0-03 M)- O, uptakes by washed and previously incubated vitamin 

saline medium (pH 7-4) in which the prelimi- B,-deficient propionic acid bacteria in pyruvate medium 

nary incubation was carried out. Air, 37°. containing vitamin B,. Conditions as in Table 2. No 
1 hr. K+ or Mgt+. pH 7-4 


Qo, 

—r2$2_—__—_—_— NO eee 

Na pyruvate (0-01 M) and 2yg. vitamin B, 
_ 13-8 
Mgt+ (8yug./ml.) and K+ (31 yg./ml.) 37-3 
0-01 M Na pyruvate and 2yg. vitamin B, 19-4 
Mg++ (Syg./ml.), K+ (31yg./ml.), 0-01 M Na 37-0 

pyruvate and 2yg. vitamin B, 


In the technique which has been described, the organism is incubated in a medium 
containing phosphate buffer (pH 7-4) as well as the substances under investigation. 
Absence of the phosphate, however, makes no appreciable quantitative difference to the 
phenomena which have been recorded. Typical results indicating this fact are shown in 


Table 26. 
Table 26 


Substances present in the medium in which O, uptakes by washed and previously incubated vita- 
the preliminary incubation was carried out. min B,-deficient propionic acid bacteria in various 
Air, 37°. 1 hr. media containing vitamin B,. No K+ or Mgt+. Condi- 

tions as in Table 2. pH 7-4 


Qo, 


0-01 M. Na acetate and 0-01M. Na pyruvate and 
2g. vitamin B, 2g. vitamin B, 


Saline only 43 11-9 

Saline, Mg++ (8yg./ml.) and K+ (31 yg./ml.) 39-2 31-7 

Na phosphate buffer (0-03 M) pH 7-4-saline 13-3 13-8 

Na phosphate buffer (0-03 M) pH 7-4-saline, 50-2 37-3 
Mg++ (8yug./ml.) and K+ (31 yg./ml.) 


Effects of incubation of vitamin B,-deficient propionic acid bacteria with hexose- 
diphosphate on their subsequent oxidation of lactate and propyl alcohol 


A preliminary incubation of vitamin B,-deficient propionic acid bacteria with hexose 
diphosphate results in an organism which, after well washing, not only oxidizes acetate and 
pyruvate at increased rates in the presence of vitamin B,, but which also has increased 
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oxidative powers on lactate and propyl alcohol. The addition of K+ to the hexose- 
diphosphate ions in the initial incubation period brings about increased rates of O, uptake 
with acetate, pyruvate and lactate. These results are seen in Table 27. 


Table 27 


Substances present in the Na phosphate O, uptakes by washed and previously incubated vitamin B,- 

(0-03 M)-saline medium (pH 7-4) in deficient propionic acid bacteria in media containing 2,g. 

which the preliminary incubation was vitamin B,, and various substrates. No K+ or Mg** present. 
carried out.. Air, 37°. 1 hr. Conditions as in Table 2. pH 7-4 


Qo, 


Acetate Pyruvate Lactate Propyl 

(0-01 M) and (0-01 M) and (0-01 M) and alcohol and 

vitamin B, vitamin B, vitamin B, vitamin B, 
_— 16-0 13-2 22-6 15-3 
K+ (31 yg./ml.) , 18-8 17-2 25-9 16-7 
Na hexosediphosphate (0-01 M) . 42-6 32-0 40-9 28-1 
K+ (31 yg./ml.) and Na hexosediphos- ‘ 65-1 40-7 69-2 29-8 

phate (0-01 M) 


Effects of incubation of vitamin B,-deficient propionic acid bacteria with Mg++ and K* or 
with hexosediphosphate on the subsequent oxidation by the bacteria of various substrates 
in absence of vitamin B, 


Incubation of the organism with Mg++ and K+, with subsequent thorough washing, leads 
to greatly increased rates of oxidation by the organism of succinate, fumarate, propyl 
alcohol and ethyl alcohol (in the absence of vitamin B,, Mg++ and K*). Small increases 
only are noted with acetate, pyruvate and lactate. 

When the organism is incubated with hexosediphosphate, it is able subsequently to 
oxidize succinate (in the absence of vitamin B, and Mg++ and K*) at a greatly increased 
rate, but the effects with acetate and lactate, in the absence of the vitamin, are small 
(see Tables 28, 29). Generally speaking the increased rates of oxidation of acetate, 


Table 28 


Substances pre- 0, uptakes by washed and previously incubated vitamin B,-deficient propionic acid 
sent in the Na bacteria in the presence of various substrates. No vitamin B, or K+ or Mg** present. 
phosphate (0-03 Conditions as in Table 2. pH 7-4 

M)-saline me- 

dium (pH 7-4) in 

which the pre- Qo, 

liminary incuba- 

tion was carried Acetate Pyruvate Lactate Succinate Fumarate /-Malate Ethyl Propyl 
out. Air, 37°. Lhr. 0-01 M 0-01 M 0-01 M 0-01 M 0-01 M 0-01 M alcohol alcohol 


_ 4-7 9-0 14-4 14-7 19-3 124 - 144 17-6 
Mgt+ (Syg./ml.) 10-4 14-2 21-0 52-7 39-4 13-5 32-5 38-4 
and K+ (31 yg./ 
ml.) 
succinate etc., by vitamin B,-deficient propionic acid bacteria, which are secured by 
adding Mg++ and K+, or hexosediphosphate ions to these substrates, are also equally well 
secured by incubating the organism previously with the ions in question and then 
thoroughly washing the organism. It is suggested that these ions either complete or 
induce the formation, in the bacterial cell, of a system (or systems) essential for the 
oxidation of such substrates as acetate, pyruvate, fumarate, ethyl and propyl alcohols. 
Such an explanation will account for all the facts which have been recorded, and it is 
unnecessary to postulate that the presence of hexosediphosphate, for instance, is itself 
required for the accomplishment of the oxidations in question. 
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Table 29 


Substances present in the Na phos- O, uptakes by washed and previously incubated vitamin B,-deficient 
phate (0-03 M)-saline medium (pH propionic acid bacteria in the presence of various substrates. No 
7-4) in which the preliminary incu- vitamin B, nor K+ nor Mg*+ present. Conditions as in Table 2. 
bation was carried out. Air, 37°. pH 7-4 


1 hr. 
Qo, 


Acetate 0-01 M Succinate 0-01 M Lactate 0-01 MU 
- 4-7 11-2 14-4 
Mgt+ (Syg./ml.) and K+ (31 yg./ml.) 10-4 38-6 21-0 
Na hexosediphosphate (0-01 M) 13-6 32-4 15-6 


Effects of ineubation of vitamin B,-deficient propionic acid bacteria with various substrates 
on the subsequent rate of oxidation by the bacteria of acetate in presence of vitamin B, 


So far the effects of incubation of vitamin B,-deficient propionic acid bacteria only in the 
presence of Mg++ and K+ and of hexosediphosphate have been considered. These sub- 
stances have been considered first because of all substances investigated they give rise to 
the largest and clearest effects. Incubation of the bacteria with certain other substrates, 
however, give rise to organisms which, after thorough washing, oxidize acetate in the 
presence of vitamin B, at higher rates than if the organism had not received the pre- 
liminary incubation. 

Fructose. Incubation with fructose for 1 hr. gives rise to an organism which oxidizes 
acetate in the presence of vitamin B, at a markedly high rate. Typical results are noted in 
Tables 30 and 31. Possibly fructose acts by being converted in the bacterial cell into 
hexosediphosphate. Glucose (Table 30) incubation has an accelerating effect, but it is 
smaller than that brought about by fructose incubation. Galactose and mannitol incuba- 
tions bring about no change in the organisms’ oxidizing power on acetate in the presence 
of vitamin B,. Similarly, preliminary incubation with Na «-glycerophosphate or with 
Na acetate in the absence of vitamin B, is without effect. On the other hand, glycerol 
incubation leads to a definite increase of the organisms’ oxidizing power (Table 30). 


Table 30 


Substances (0-01 M) pre- 0, uptakes by washed and previously incubated vitamin B,-deficient propionic 
sent.in the Na phosphate _acid bacteria in presence of Na acetate and vitamin B,. No K+ or Mg** present. 
(0-03 M)-saline medium Conditions as in Table 2. pH 7-4 
(pH 7-4) in which the pre- 
liminary incubation was pl. O, uptake in 1 hr., acetate (0-01 M), 2ug. vitamin B, 
carried out. Air,37°. Lhr. 
Exp. No. ... . 3 4 

= . . 660-4 
Na acetate — 2 — 
Na pyruvate _ 
Na fumarate -- 
Na hexosediphosphate 5: 
Na «-glycerophosphate = 
Glucose 4- 
Fructose 537- 
Galactose 7: 
Glycerol 
Mannitol 


6 7 
442-5 280-4 


1 


8 
381-0 
552-7 — _ 
_— 403-0 _— 
748-2 — — 
402-0 


Oo 


© 
w 
aU 
o ¢ 


446-6 
522-9 


493-0 
_ 377-0 


| | 
LllITITITLEl lee 


L111 & I 


Fumarate. It is interesting to note that incubation of the organism with sodium 
fumarate increases the subsequent rate of oxidation of the organism in presence of acetate 
and vitamin B,, and the effect is increased by adding K+ to the fumarate (Tables 30, 31). 
It is evident, therefore, that incubation with fumarate may induce a change in the bac- 
terial cell, similar to that brought about by incubation with hexosediphosphate (though 
to a much less extent), which secures a higher rate of acetate oxidation than would have 
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Table 31 


Substances present in the phosphate (0-03 M)- O, uptakes by washed and previously incubated vitamin 

saline medium pH 7-4 in which the preliminary B,-deficient propionic acid bacteria in presence of 0-01 M 

incubation was carried out. Air, 37°. 1 hr. Na acetate and 2g. vitamin B,. No K+ nor Mg** present. 
Conditions as in Table 2. pH 7-4 


Qo, 

14-6 
K+ (31 yg./ml.) 18-8 
Fructose (0-01 M) 48-4 
Fructose (0-01 M) and K+ (31 yg./ml.) : 59-2 
Na fumarate (0-01 M) 22-9 
Na fumarate (0-01 M) and K+ (31 yg./ml.) 30-9 
Na adenyltriphosphate (1 mg./ml.) and K+ 26-8 


(31 pg./ml.) 
Adenosine (1 mg./ml.) and K+ (31 g./ml.) 26-1 
Adenine (1 mg./ml.) and K+ (31 ug./ml.) 16-5 


been secured without such incubation. Fumarate ions may therefore catalyse acetate 
oxidation indirectly. This type of catalysis will be considered later. 

Incubation of the propionic acid bacteria with the following substrates gives rise to no 
subsequent increase in the rate of oxidation of acetate (in the presence of vitamin B,): 
Na phosphoglycerate, sorbitol, ascorbic acid, glutathione, glycine, histidine, arginine, 
creatine, urea. - 

‘Adaptable’ enzymes. It is worth noting at this point that the above observations might 
be ‘explained’ by assuming that during the preliminary incubation period there is an 
increased formation in the cell of the enzymes oxidizing acetate, succinate, propyl 
alcohol ete., i.e. that these are enzymes which can be built, for example, out of hexosedi- 


phosphate or its breakdown products. Such enzymes might then be regarded as adaptable 
in the sense they have become increased in quantity as a response to exposure to the 
substrates in the media in which the bacteria were incubated. This hypothesis, however, 
can scarcely be held in view of the fact that incubation in the presence of Mg*t* leads to 
precisely the same increases in oxidative activities as incubation in the presence of 
hexosediphosphate. 


Interpretations 


The oxidations of pyruvate and acetate will first be considered. It is now well recognized 
that cocarboxylase, and not vitamin B,, is essential for the biological oxidation of pyru- 
vate, and evidence already submitted [Quastel & Webley, 1941] supports the view that 
cocarboxylase, rather than vitamin B,, is essential for the oxidation of acetate. 

Results secured by Weil-Malherbe [1939] show that with a yeast extract the synthesis 
of cocarboxylase from vitamin B, proceeds only through the mediation of adenyltriphos- 
phate, and that in the latter’s absence no synthesis of cocarboxylase takes place. Lipton 
& Elvehjem [1940] have arrived at the conclusion that adenyltriphosphate and vitamin 
B, will react in the presence of an alkaline-washed yeast to form adenylic acid and 
cocarboxylase, a transfer of phosphoric acid groups taking place, Lipschitz et al. [1938, 
1, 2] had previously demonstrated that a synthesis of cocarboxylase from vitamin B, will 
occur in the presence of washed dried yeast, hexosediphosphate and boiled tissue extract, 
and suggested that the vitamin was phosphorylated by adenyltriphosphate or phos- 
phorylated cozymase. 

An explanation of results given in this paper comes from the conclusion that incubation 
of propionic acid bacteria with hexosediphosphate enriches the cells with adenyltriphos- 
phate. Such cells, saturated with adenyltriphosphate, phosphorylate, at an optimal rate, 
vitamin B, subsequently added to the cells. With optimal quantities of cocarboxylase, the 
oxidations of pyruvate and acetate are able to proceed at optimal rates. 
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The mechanism whereby hexosediphosphate enriches the cell with adenyltriphosphate 
is not altogether clear. It may be brought about by (a) direct phosphorylation of adenylic 
acid [Ohlmeyer, 1935] or (6) phosphorylation of adenylic acid coupled with an oxidative 
reaction secured by hexosediphosphate [Needham & Pillai, 1937]. 

Thus the following reactions with vitamin B,-deficient propionic acid bacteria, it is 
suggested, take place. 

(1) During the preliminary incubation period: Hexosediphosphate+adenylic acid 
~ adenyltriphosphate (either by direct phosphorylation or by a coupled oxidative 
reaction). 

(2) During the subsequent period in which the bacteria are incubated with acetate (or 
pyruvate) in the presence of vitamin B,: 

(1) Adenyltriphosphate + vitamin B, =adenylic acid + cocarboxylase. 

(2) Acetic acid| cocarboxylase Products of 

Pyruvic acid 0, oxidation. 

Now incubation of the bacteria with Mgt+ results in an effect on the subsequent 
oxidation of acetate and pyruvate, which is quantitatively the same as that due to 
incubation with hexosediphosphate, and the addition of Mg to the hexosediphosphate 
does not appreciably increase the effect of the latter. Since Mg is to be considered a 
definite constituent of the pyruvic oxidase system and presumably also of the acetic 
oxidase system it may be argued that the incubation of the bacteria with Mg*+ brings 
about a saturation of the oxidase systems in question so that they are now capable of 
working at their optimal rates. Whilst no doubt it is true that these systems will take up 
more Mg if they are not saturated, it must be conceded that the propionic acid bacterial 
cells must already be saturated with Mg so far as their acetic and pyruvic oxidase systems 
are concerned since incubation with hexosediphosphate in the absence of added Mgt+ 
brings about optimal rates of oxidation. Hence the accelerating effects of added Mgt+ 
must be concerned with mechanisms taking place before the action of the pyruvic or 
acetic oxidase system. Such mechanisms according to the hypothesis just advanced are 
phosphorylating, i.e. the phosphorylations of adenylic acid and of vitamin B,. Since it is 
known that phosphorylase systems are activated by Mg*+, it is reasonable to assume that 
the effects of incubation with Mg++ are concerned with a catalysis of the formation in the 
cell of adenyltriphosphate or of cocarboxylase or of both. 

Propionic acid bacteria when taken freshly from the vitamin B,-deficient medium in 
which they have been grown must contain traces of vitamin B,, Mg++ and of phosphoric 
esters, for they are still capable of bringing about the oxidation of a variety of substrates 
(in the absence of added vitamin B, or Mg++) although at small rates. 

Now even if the Mg++ concentration in the cell is low, the velocity of phosphorylation . 
in the cell will be increased by increase of the concentration of the phosphate donator 
(e.g. hexosediphosphate or adenyltriphosphate) until some saturation limit is attained. 
Similarly, if the concentration of phosphoric esters is low, the velocity of phosphorylation 
will be increased by increasing the concentration of Mg++ to a saturation limit. It may be 
accepted therefore that, given a sufficiently long preliminary incubation period, ad- 
mixture of the organism with hexosediphosphate or Mg++ wiil lead to an enrichment of 
the cell with adenyltriphosphate, whose final concentration will be largely determined by 
the amount of adenylic acid initially present. Once a limiting concentration of adenyl- 
triphosphate has been attained, admixture of the cell with hexosediphosphate or Mgt+ 
will have no further effect on the bacterial oxidations, since as has already been stated, 
the cell still contains sufficient Mg to complete the acetate and pyruvate oxidase systems. 

Summarizing this interpretation of the action of hexosediphosphate and of Mg++ on the 
bacterial oxidation of acetate and pyruvate, it is suggested: 

(1) Incubation of the vitamin B,-deficient propionic acid bacteria with hexose- 
diphosphate or with Mg++ leads to an enrichment of the cell with adenyltriphosphate. 
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(2) Adenyltriphosphate brings about the phosphorylation of vitamin B, to cocarbo- 
xylase. 

(3) The rate of oxidation of acetate and pyruvate is determined by the amount of 
cocarboxylase present. There is sufficient Mg still present in the bacteria (i.e. without 
having incubated the organism with Mgt+) to bring about the accomplishment of pro- 
cesses (2) and (3). 

This interpretation accounts for many of the observations concerned with acetate and 
pyruvate oxidation described in this paper. It does not account for the fact, however, 
that the addition of Mg++ and K+ to pyruvate in the presence of vitamin B, does not 
appreciably increase the rate of oxidation by the bacteria (Tables 4, 5), whilst pre- 
liminary incubation with Mgt+ and K+ secures a marked increase in the O, uptake 
(Tables 25, 26). The explanation for this anomaly, it is suggested, may lie in an inhibitory 
effect of pyruvate on the synthesis of adenyltriphosphate, possibly by pyruvic acid com- 
peting with adenylic acid as a phosphate acceptor. 

Incubation of the bacteria with pyruvate leads to a definite, though small, acceleration 
of the subsequent O, uptake by the vitamin B,-deficient organism in presence of pyruvate 
(Table 25) or of acetate (Table 30). The acceleration which is effected would point to an 
enrichment of the cell with adenyltriphosphate, a process presumably brought about by 
the phosphorylation being coupled with pyruvate oxidation. Evidence for such a process 
has been secured by Lipmann [1939] and Ochoa [1940]. It is, however, sure that the 
acceleration brought about by pyruvate incubation is not nearly so great as that brought 
about by hexosediphosphate incubation, and this points to the fact that the phosphoryla- 
tion obtained by the coupling with pyruvate oxidation is much less effective than that 
effected by incubation with hexosediphosphate. 

The marked activating action due to incubation of the bacteria in fructose media 
(Tables 30, 31) may be due to the transformation of fructose into hexosediphosphate as 
has already been suggested, but it may be also due to a phosphorylation of adenylic acid 
coupled with oxidation of fructose. The same explanation may apply to the effects ob- 
served on the incubation of the organism under aerobic conditions with glucose, glycerol 
and fumarate (Tables 30, 31). The results would be in harmony with those described by 
Kaickar [1939, 1, 2j, Lipmann [1939], and Colowick et al. [1940]. 

So far consideration has only been given to the effects of incubation of the propionic 
acid bacteria with hexosediphosphate, and with Mgt+ and K+, on the subsequent oxida- 
tion by the organism of acetate or pyruvate in the presence of vitamin B,. Large effects, 
however, due to this incubation, take place on the subsequent oxidation of succinate, 
fumarate, propyl and ethyl alcohols in the absence of added vitamin B, (Tables 28, 29). 
Moreover, as shown early in this paper, admixture of Mg++ and K*, or of hexosediphos- 
phate, with succinate etc., results in a large increase of the rate of O, uptake by the 
vitamin B,-deficient propionic acid bacteria. 

It has been shown that the presence of Mg++ and K+ brings about a marked dis- 
appearance (other than by direct oxidation) of oxaloacetate, and it has been suggested 
that this accounts for the acceleration of O, uptake of the bacteria in presence of succinate 
and fumarate. Whilst this view may account satisfactorily for the action of Mg**, it can 
scarcely be held to provide a satisfactory explanation for the similar activating action of 
hexosediphosphate. 

As has been stated already the effects of hexosediphosphate and Mg** on acetate and 
pyruvate oxidations can be interpreted as being due to their producing an enrichment of 
the cell with adenyltriphosphate. 

The most obvious manner in which to interpret the results obtained with succinate, 
fumarate, and ethyl and propyl alcohols is to conclude that adenyltriphosphate is essential 
for the complete oxidation of these substances, or for their oxidation to that stage (e.g. 
to pyruvic acid or acetic acid) where cocarboxylase comes into play. On this hypothesis 
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adenyltriphosphate is a coenzyme for the oxidation of fumarate, ethyl and propyl 
alcohols, though its method of action in these processes may be indirect (e.g. it may 
stimulate the formation of cozymase required for alcohol and malate dehydrogenases). 

This hypothesis of a central role played by adenyltriphosphate serves to interpret the 
facts set forth in this paper concerning the effects of Mg++ and of hexosediphosphate on 
the oxidations of vitamin B,-deficient propionic acid bacteria. 


Effects of adenine compounds on oxidations by vitamin B,-deficient 
propionic acid bacteria 


The incubation of vitamin B,-deficient propionic acid bacteria in a solution of adenyl- 
triphosphate leads to the production of an organism which definitely oxidizes acetate at a 
rate higher than is achieved by the organism when it has not so been incubated. A typical 
result of the incubation with adenyltriphosphate (1 mg./ml.) in presence of K+ (to increase 
permeability of the cell) is shown in Table 31. But although the accelerating effect is 
definite it is not nearly so great as that effected by incubation with hexosediphosphate or 
Mg*+. The explanation may be that the cell is highly impermeable to the triphosphate so 
that even in presence of K+ only traces diffuse through, or that the adenyltriphosphate 
tends to lose phosphate unless there is an excess of phosphate donators present. It is 
noteworthy that with incubation of the organism adenosine, but not with adenine, leads 
to an acceleration of acetate oxidation by the bacteria (Table 31). 

The incubation of propionic acid bacteria with muscle adenylic acid leads to a small 
but definite increase in the subsequent oxidation of acetate by the bacteria in presence of 
vitamin B, (Table 32). 

Table 32 
Substances present in the saline medium O, uptakes by washed and previously incubated vitamin B,- 
(no phosphate) pH 7-4 in which the pre- deficient propionic acid bacteria in presence of 0-01 M Na 
liminary incubation was carried out acetate and 2yug. vitamin B,. No K+ or Mgt+ present. pH 7-4 
Qo, 
— 3-2 
Muscle adenylic acid (0-4 mg./ml.) 8-0 
Mg++ (8ug./ml.) and K+ (31 yg./ml.) 29-8 
Mg++ (8yg./ml.) and K+ (31 yg./ml.) and ; 38-2 
muscle adenylic acid (0-4 mg./ml.) 


Note on the breakdown of adenosine and adenylic acid by propionic acid bacteria 


Propionic acid bacteria are capable of breaking down adenosine and (muscle) adenylic 
acid as can be shown by allowing these bacteria to grow in a glucose-acetate medium con- 
taining phosphate, saline, and traces of Fe, Mg and Mn,* the N being supplied by the 
‘adenine compounds. After aerobic growth for 44 hr. at-37° on this medium with and 
without the adenine compounds present, the NH, liberated was estimated. 


pg. NH, liberated per 5 ml. medium 


After growth on medium in absence of adenosine or adenylic acid 28-0 
After growth on medium containing 10 mg. adenosine . 191-3 
After growth on medium containing 10 mg. adenylic acid 90-0 


Propionic acid bacteria are able to deaminate adenosine at a greater rate than (muscle) 
adenylic acid, a fact already observed by Stephenson & Trim [1938] using Bact. coli. 

These observations are included to demonstrate that propionic acid bacteria are capable 
of metabolizing adenine compounds. 


* The medium was prepared as follows: Solution A: 1 g. glucose; 0-6 g. Na acetate; 0-25 g. K,HPO,; 
0-25 g. KH,PO,: to 90 ml. water. Solution B: 1g. MgSO,, 7H,O; 0-05 g. NaCl; 0-05 g. FeSO,, 7H,0; 0-05 g. 
MnSO,,4H,0: to 100 ml. water. To 4-5 ml. solution A were added 0-5 ml. solution B and 4 drops 1% 
Marmite solution. 
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Effects on vitamin B,-deficient propionic acid bacteria, of the addition of 
fumarate, oxaloacetate and vitamin B, 
The addition of Na fumarate to a suspension of vitamin B,-deficient propionic acid 
bacteria which is respiring in the presence of acetate brings about a definite acceleration 
of the O, uptake. This is marked, when Mgt+ and K* are present (see Table 33, Exp. 2), 
but is dubious, or absent, when these ions are absent (see Table 33, Exp. 1). The accelera- 


Table 33 


O, uptakes by vitamin B,-deficient propionic acid bacteria in presence of various, substrates. Conditions as 
in Table 2. (Mg++ =8yg./ml., K+ =31yg./ml., where present.) pH 7-4 except in Exp. 5, where it was 9-0. 

a Substrates Qo, 

Exp. 1. Nil 16-4 

Na acetate (0-01 M) 22-3 

Na acetate (0-01 M) +2yg. vitamin B, 38-9 

Na fumarate (0-003 M) 19-9 

Na acetate (0-01 M) +Na fumarate (0-003 M) 25-4 

Na oxaloacetate (0-003 M) 18-1 

Na acetate (0-01 M) +Na oxaloacetate (0-003 M) 21-5 

. Mgt++K+t 12-6 

Na acetate (0-01 M) +Mgtt+ +K+ 31-3 

Na fumarate (0-0016 M) +Mg*+++K+ 23-6 

Na acetate (0-01 M)+Na fumarate (0-0016 M)+Mgt++K+t 52-4 

. 3. Na acetate (0-01 M)+Mgt+ +K+ 26-9 

Na oxaloacetate (0-003 M) + Mg++ + K+ 21-7 

Na acetate (0-01 M) +Na oxaloacetate (0-003 M) +Mg*+++K+ 38-1 

Mg++ + K+ 12-6 

. Nil 18-8 

Na succinate (0-01 M) 27-7 

Na oxaloacetate (0-002 M) 23-8 

Na succinate (0-01 M) +Na oxaloacetate (0-002 M) 36-0 

2g. vitamin B, 25-0 

Na succinate (0-01 M) +2yg. vitamin B, 70-5 

Na oxaloacetate (0-002 M)+2yg. vitamin B, 37-2 

Na succinate (0-01 M) +Na oxaloacetate (0-002 M) +2yg. vitamin B, 76-3 

5. At pH 9-0 

Mgt+ + K+ 13-7 

Na acetate (0-01 M) + Mg++ +K+ 29-5 

Na acetate (0-01 M) +Mgt+ + K++2yg. vitamin B, 80-6 

Na oxaloacetate (0-002 M)+Mgt++K+t 31-7 

Na acetate (0-01 M) +Na oxaloacetate (0-002 M) +Mgt+ + Kt 48-3 

Na pyruvate (0-01 M) 30-7 

Na pyruvate (0-01 M)+2yg. vitamin B, 53-7 

Na pyruvate (0-01 M)+Na oxaloacetate (0-002 M) 38-4 


tion is of interest in view of the known acceleration of pyruvate oxidation by fumarate 
with dialysed pigeon brain suspensions [Banga et al. 1939, 1, 2]. Conceivably the 4-C 
dicarboxylic acid system acts catalytically during the oxidation of acetate but as has been 
stated earlier there is no evidence that acetate oxidation proceeds through succinate or 
fumarate. It is significant that incubation of the bacteria with fumarate with subsequent 
thorough washing gives rise to an organism with an increased ability to oxidise acetate in 
the presence of vitamin B, (see Tables 30, 31). The explanation which is suggested for this 
phenomenon is that oxidation of fumarate is coupled with a phosphorylation leading to 
an enrichment of the cell with adenyltriphosphate. It seems likely, therefore, that 
catalysis of acetate oxidation by propionic acid bacteria by direct admixture with fuma- 
rate is due also to the increased formation in the cell of adenyltriphosphate. It may in 
fact be suggested that some of the catalyses by fumarate, which have been recorded in 
the literature, are due not so much to the direct interplay of the C,-dicarboxylic acid 
system as to an increased rate of formation of adenyltriphosphate. The adoption of a 
technique similar to that adopted in this work would help to distinguish between the two 
types of fumarate catalyses. 
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The addition of sodium oxaloacetate to a suspension of propionic acid bacteria respiring 
in an acetate medium leads to little or no acceleration of the acetate oxidation (see 
Exps. 1, 3 and 5; Table 33). Increases of rates of O, uptake are observed but they are 
nearly always the increases to be expected if the oxidations of acetate and oxaloacetate 
are proceeding additively (or independently). A catalysis due to oxaloacetate is, however, 
not entirely ruled out, for sometimes more than an additive effect is perceptible. Possibly 
when a catalysis is observed, it is due to the formation of fumarate from the oxaloacetate 
by reduction or dismutation [cf. Smyth, 1940].. 

A suggestion has been made that vitamin B, catalyses the formation of oxaloacetate 
and that the latter acts as a catalytic agent in the oxidation of pyruvate [Krebs & 
Eggleston, 1940; Smyth, 1940]. Without denying the possibility that vitamin B, is in- 
volved in oxaloacetate formation, it is easy to show that oxaloacetate cannot replace 
vitamin B, as an accelerator of the oxidation of acetate and propionate by propionic 
acid bacteria. Results demonstrating this are shown in Table 33 (Exps. 1, 4 and 5). 
For example a Qo, of 30-7 obtained when vitamin B,-deficient propionic acid bacteria are 
incubated in the presence of pyruvate, is increased to 53-7 by the addition of vitamin B, 
and only to 38-4 by the addition of oxaloacetate. It is apparent that vitamin B, exerts 
its catalytic effect on acetate and pyruvate oxidations by a process other than by 
the development of oxaloacetate. Krampitz & Werkman [1941] arrive at a similar 
conclusion concerning pyruvate oxidation. 


Effects of NaF and Na iodoacetate 


When propionic acid bacteria are incubated with Na hexosediphosphate in the presence 
of NaF, no decrease of the subsequent acceleration of acetate oxidation by the bacteria 
due to the hexosediphosphate takes place (see Exp. 1, Table 34). This is in harmony with 
the observation of Lutwak-Mann & Mann [1935] that NaF does not influence the forma- 
tion of adenyltriphosphate from adenylic acid and hexosediphosphate. 

The replacement of NaF by Na iodoacetate leads to a diminution of the ability of the 
bacteria to oxidize acetate and also greatly inhibits (though it does not eliminate) the 
accelerating effect of hexosediphosphate, A representative result is shown in Table 34. 
Since it is known that iodoacetate inhibits oxido-reductions involving hexosediphosphate, 


Table 34 


Substances present in the phosphate O, uptakes by washed and previously incubated vitamin B,- 
(0-03 M)-saline medium pH 7-4 in which deficient propionic acid bacteria in presence of 0-01 M Na 
the preliminary incubation was carried acetate and 2g. vitamin B,. No K+ or Mg++ present. pH 7-4. 
out Conditions as in Table 2 









Qo, 
Exp. 1. — 27-1 
NaF (0-16%) 30-9 
Na hexosediphosphate (0-01 M) 65-8 
Na hexosediphosphate (0-01 M) 66-7 
+NaF (016% ; 
Exp. 2. K+ (31yg./ml.) ; 29-9 
Na hexosediphosphate (0-01 M) 79-9 
+K+ (31 yg./ml.) 
Na iodoacetate (0-01 .M)+Kt 10-6 
(31 yg./ml.) 
Na hexosediphosphate (0-01 M) 27:8 


+Na iodoacetate (0-01 M) 
+K+ (31 yug./ml.) 


the iodoacetate effect may be held as evidence in favour of the acceleration of acetate 
oxidation being brought about by adenyltriphosphate formation coupled with an oxido- 
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reduction. On the other hand, it is not yet certain how far iodoacetate will inhibit 
oxidative processes after the formation of adenyltriphosphate. The full meaning of this 
observation must, therefore, await further experimental work. 


SUMMARY 


1. Acetate oxidation by. vitamin B,-deficient propionic acid bacteria is accelerated, in 
the presence of vitamin B,, by both Mgt+ and K*, but the effect of the addition of a 
mixture of both ions is much greater than the sum of the effects of the ions taken singly. 
Acetate oxidation is increased with increase of pH (till 9-0). 

2. The effects of addition of Mg++ and K* are to accelerate bacterial oxidation of 
acetate and propionate in the presence of vitamin B,, but not that of butyrate or formate. 
The effect of Mgt+ (in presence of K*) is apparent at a concentration of lug./ml. A similar 
accelerating effect of Mg++ and K* is noted with the Na salts of lactic and «-ketobutyric 
acids; it is scarcely perceptible with Na pyruvate. 

3. The presence of Mg++ and K+ does not influence the oxidation of acetate and 
propionate in the absence of vitamin B,. 

4. The presence of Mgt+ and K* greatly catalyses the oxidation of the following 
substances in the absence of added vitamin B,: succinate, fumarate, lactate, ethyl and 
propyl alcohols, glucose. Here also, the presence of K+ augments the effect due to Mg*+. 
It is suggested that the effect of K+ is to increase the permeability of the cells of propionic 
acid bacteria to Mg++. 

5. The presence of Mg++ and K+ catalyses the breakdown of oxaloacetate and 
pyruvate by means other than by direct oxidation in vitamin B,-deficient propionic 
acid bacteria. 

6. The oxidation of glycerol, like that of pyruvate, whilst it is accelerated by the 
presence of vitamin B, is not influenced by the presence of Mg++ and K+. 

7. Na citrate, «-ketoglutarate, oxalate, glycollate, B-hydroxybutyrate, «-glycero- 
phosphate, hexosediphosphate and glutamate are feebly (or not) oxidized. by vitamin 
B,-deficient propionic acid bacteria, their rates being but little affected by the presence 
of vitamin B, or Mgt+ and K+. 

8. The effects of the addition of Mg++ cannot be obtained on the addition of Mn++. 
The latter ions at low concentrations exercise an inhibition of the bacterial oxidation of 
acetate. 

9. Accelerating effects on the oxidations by vitamin. B,-deficient propionic acid bac- 
teria, both in the presence and absence of vitamin B, can also be obtained by addition 
to the bacteria of Na hexosediphosphate. The effects of this phosphoric ester are quanti- 
tatively the same as those brought about by addition of Mg++. The admixture of hexose- 
diphosphate and Mg++ does not produce an effect greater than either of the ions. The 
presence of K+ augments the action of hexosediphosphate ions, and a change of cell 
permeability is held to account for this. Sodium «-glycerophosphate has no accelerating 
action. 

10. When vitamin B,-deficient propionic acid bacteria are incubated aerobically for 
1 hr. at 37° in the presence of Mg++ and K*, the bacteria being then thoroughly washed, 
they subsequently exercise greatly increased rates of oxidation of acetate and pyruvate, 
but only in the presence of vitamin B,. They also bring about greatly increased rates of 
O, uptake in the presence of succinate, fumarate, ethyl and propyl alcohols and these 
effects are observable in the absence of vitamin B,. 

1l. Preliminary incubation of the vitamin B,-deficient propionic acid bacteria in the 
presence of hexosediphosphate, with subsequent thorough washing of the bacteria, brings 
about the formation of bacteria with identically the same increased oxidative powers, 
as are obtained after incubation with Mg*t. 
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12. It is shown that the increased catalytic powers of the bacteria due to preliminary 
incubation with Mg++ and K+ or with hexosediphosphate, cannot be due to traces of these 
substances being carried over mechanically with the washed cells. 

13. Preliminary aerobic incubation of the bacteria with pyruvate (in the presence of 
vitamin B,) brings about increased catalytic powers on the subsequent oxidation of 
acetate and pyruvate—but the effect is not as large as with hexosediphosphate or with 
Mg. Incubation with fructose has a relatively large accelerating action on the subsequent 
oxidation by the bacteria of acetate in the presence of vitamin B,. Incubation with 
glucose and glycerol has much smaller effects. Preliminary aerobic incubation with Na 
fumarate also has a marked accelerating action on the subsequent bacterial oxidation of 
acetate in the presence of the vitamin. 

14. Preliminary incubation of the bacteria with adenyltriphosphate produces a small 
but definite accelerating effect on acetate oxidation in the presence of vitamin B, . 

15. The above results can be interpreted on the following hypotheses: 

(a) Incubation of the organism with Mg or hexosediphosphate ions leads to an enrich- 
ment of the cell with adenyltriphosphate. A similar enrichment (but to a smaller 
extent) occurs by a coupling of phosphorylation with oxidations, when the cells are 
incubated aerobically with pyruvate, fumarate, and possibly with fructose, glucose and 
glycerol. In the case of fructose however there may be conversion into hexosediphosphate. 

(6) A cell enriched with adenyltriphosphate brings about the optimal rate of phos- 
phorylation of vitamin B, to form cocarboxylase. 

(c) Cells having optimal amounts of cocarboxylase oxidise acetate and pyruvate at 
optimal rates, assuming that Mg ions are still present in the cells. / 

This interpretation is discussed and is held to account satisfactorily for all observed 
facts. : 

16. On this view adenyltriphosphate is essential for the oxidation in the intact cell of 
fumarate, and of ethyl and propyl alcohols. 

17. It is shown that propionic acid’ bacteria are able to deaminate adenosine and 
adenylic acid, the former molecule being attacked at a greater rate than the latter. 

18. It is pointed out that catalysis of oxidations by fumarate may not only be due to 
the direct interplay of the C,-dicarboxylic acid system but to the formation of adenyl- . 
triphosphate by a coupled phosphorylation. 

19. Addition of oxaloacetate does not bring about accelerating effects comparable with 
those produced by vitamin B, and no evidence has been found with propionic acid bacteria 
to support the view that the catalytic effects of vitamin B, are due to the formation of 
oxaloacetate. 

20. NaF has no inhibitory action on the accelerating effects of hexosediphosphate, but 
these are greatly retarded by the presence of Na iodoacetate. 


We are greatly indebted to the Medical Research Council for a grant in aid of the equip- 
ment of this laboratory and for an assistance grant to one of us (D. M. W.). 
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3. The Vitamin A Contents of the Livers of 
Sheep, Cattle and Pigs 


By Thomas Moore and Jean Elisabeth Payne, Dunn Nutritional Laboratory, 
University of Cambridge and Medical Research Council 


(Received 3 December 1941) 


The large amount of vitamin A in the livers of farm animals was reported by Rosenheim 
& Webster [1926], and additional data have since been included in many communications. 
No systematic inquiry, however, has hitherto been made in this country with a view to 
establishing typical values for liver as bought from the butcher. The present work was 
undertaken to obtain information on the subject. 


Experimental 


Fresh specimens of liver were obtained through the kindness of Mr J. A. Powell of 
the Cambridge Co-operative Society. The first series of estimations was done between 
26 March and 2 April 1941, which was before the growth of new grass. A second series 
was carried out between 9 and 18 September, after green pasture had been available 
continuously throughout the summer. 

Vitamin A was estimated by the SbCl, method after the extraction of the liver fat by 
digestion with alkali [Davies, 1933]. To convert blue units into 1.U. a factor of 0-6 was used 
[Moore, 1937]. Carotene was virtually absent from sheep and pig livers, but was estimated 
by the Zeiss photometer in selected bovine specimens. Even in these the contribution of 
carotene to the total vitamin A activity was usually small. Values were not corrected 
individually for the presence of carotene, but a correction corresponding to the mean of 
the two extreme values for each group was added to the mean for preformed vitamin A. 


Table 1. The vitamin A content of liver 





Winter Summer 
(March—April) Mean (September) Mean 
‘ vitamin A, vitamin A vitamin A, vitamin A 
Age 1.U./g. for group, 1.U./g. for group, 
Animal Type years liver WINTER Type Age liver SUMMER 
Suezep Young 1-2 300 Young 10 months 210 
es 300 1s 375 
= 300 im 5 375 
- 450 Sheep 10 os 600 Sheep 
a 450 450 1 825 - 468 
se 525 ; _ . 190 
Se 525 is -, 375 
” 525 18 375 
” 525 24 years 675 
* 600 ) 675 
BEEF Steers 2 15 Steers 1 year 17 
animals 2 25 3 years 105 
2-3 18 Ss 105 
2-3 30 mies 105 
2-3 30 eo 205 
2-3 75 oy : 75 
3 21 75 
3 13 oe 250 
: a Mean 117 
? 110 
Mean 34 
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Table 1 (cont.) 
Winter Summer 
(March-April) Mean (September) Mean 
vitamin A, vitamin A vitamin A, vitamin A 
Age 1.U./g. for group, 1.U./g. for group,’ 
Animal Type years liver WINTER Type Age liver SUMMER . 
All beef All beef 
animals animals 
except calves except calves 
i" Heifers* 24 30 83 Heifers* 1 year 75 151 
+ .19F 4 years 185} 
4 120 ae 375 
Mean 56 Mean Z1z 
. Cows 43 450 Cows cs 36 
5 53 a i 105 
5 150 x 125 
5 165 iis 150 
5 225 sg 250 
Mean 210 5 » 300 
Mean 161 
Bull  « 187 
CALVES Months Up to 3 days 20 
2-3 0-6 lmonth 3 ,, 50 
‘a 3 old Wx 54 
‘ 6 Calves i. 14 
* 6 1l 3 weeks 33 All calves 
a 14 1 month 37 63 
” 15 35 
2 18 Mean 35 
” 18 Over 2 months 37§ 
” 21 lmonth 2 ~~ 27 
old 2 ae 110 
3k ss 24 
a 33 
54 
=. 60 
4 an 75 
6 aa 150 
os 225 
Mean 80 
Pies Young 6-8 0 Pigs Ge 's 14 
” 5 6 ” 27 
3 ’ Mean 20 
” 6 Young pigs Boars 6 ‘a 75 All pigs 
” ; 12 Ea 75 75 
= 18 Mean 75 
” 30 
36 Sows 3 years 45 
z aaa: 67 
34 90 
i 100 
i 150 
Da 150 
Mean 100 


* The term ‘heifer’ as used locally includes cows which have lactated once only. 
§ 0-6 I.U. as carotene. 


tT 3-10 1.U. as carotene. t 16-88 1.v. as carotene. 


The reduction of 0-07 1.v. of preformed vitamin for every 1.U. of carotene, which must be 
made to allow for the blue colour contributed by carotene in the SbCl, test, was usually 


very small. 
The data obtained are given in Table 1. 


3-2 
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Discussion 


Mean values for the vitamin A content of specimens of liver collected during March—April 
(‘winter’) and September (‘summer’) are summarized in Table 2. A simple mean of the 
summer and winter values has been taken to provide convenient single values for each 
Table 2. Summary of the mean vitamin A contents of the livers 

of different animals 


animal. 


Combined vitamin A and carotene ‘ Combined vitamin A and carotene 
contents, I.U./g. liver contents, 1.U./g. liver 
Mean of Mean of 
winter and winter and 
Winter Summer summer Winter Summer summer 
Sheep 450 468 459 Calves ll 66 39 
Beef animals 89 198 144 Pigs 12 78 45 


Livers of sheep (winter and summer mean, 459 1.U./g.) were much richer than those of. 
adult cattle (144 1.v.) which were in. turn richer than those of the pig (45 1.U.) and calf 
(391.v.). It is not surprising that the vitamin A content of calf liver should be low, since 
in all mammals so far examined the amount of ‘vitamin A which is transferred to the 
embryo is small in comparison with the reserves present in the liver of the mother. 
Dunlop [1934] has shown that the diets used in rearing pigs are often low in vitamin A, 
which no doubt explains the low vitamin content of their liver. The cause of the superiority 
of sheep liver over the liver of adult cattle is more obscure. It is clear that in cows having 
free access to grass the amounts of vitamin A secreted in the milk and stored in the liver 
represent only a very small fraction of the carotene ingested [Moore, 1932]. Possibly the 
superiority of the liver of sheep may be due to their more efficient utilization of carotene, 
which may also be the cause of the almost complete absence of carotene from the fat 
depots. It must be remembered also that concentrates and turnip roots, which are low in 
carotene, are given much more liberally to cattle than to sheep. 

Seasonal variation. No seasonal variation was found with sheep. The summer means for 
steers, calves and pigs were some 4—6 times greater than the winter ones. To some extent, 
particularly with pigs, the greater age of some of the animals at slaughter may have been 
partly responsible for the increased reserves in summer. 


SUMMARY 


1. The vitamin A in specimens of liver collected at a local butcher’s shop was esti- 
mated by the SbCl, method. 

2. The means of values obtained in summer and winter were: sheep liver 459 1.U./g., 
beef liver 144 1.v., calf liver 39 1.0. and pig liver 45 1.v. 

3. The livers of cattle and pigs were usually richer in vitamin A in summer than in 
winter, but no difference was found with sheep. 


Our thanks are due to Dr L. J. Harris for his valuable criticism. 
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4. Glycogen 8. The Glycogen of Ascaris lumbricoides 
from the Pig 


By Ernest Baldwin and Hugh Kirkman King, From the 
Biochemical Laboratory, Cambridge 


(Received 24 December 1941) 


Recent years have seen a number of chemical investigations of the polysaccharides of 
invertebrates. This is a field of considerable interest for, apart from chitin, the only 
invertebrate polysaccharide that has received much attention, there exists an animal 
cellulose in the body wall of the tunicates as was first shown by C. Schmidt [1845] while 
Aplysia, according to Réhmann [1900], contains a polyrhamnose. Recent work by 
Baldwin & Bell [1938] and by Bell & Baldwin [1941] has done something to elucidate the 
structure of the polygalactose, ‘sinistrin’, which occurs in the albumin gland of Helix 
pomatia, while a start has been made on the investigation of the glycogens and the various 
‘modified glycogens’ and ‘animal starches’ that have been reported from time to time. 
Thus Bell [1936] found that the glycogen of Mytilus edulis differs from the glycogen 
typical of mammals in possessing a chain-length of 18 instead of 12 units. The glycogen 
of H. pomatia, studied by Baldwin & Bell [1940], probably has a chain-length of 12 units. 

We have here to report the results of a brief study of the polysaccharide of Ascaris 
lumbricoides from the small intestine of the pig. Until the recent work of Campbell [1936 ; 
1937] there seemed no good reason to think that this was anything other than a typical 
glycogen, though it was nevertheless a substance of rather special interest if only because 
it occurs in this nematode in such remarkable quantities. Weinland [1900] prepared from 
Ascaris a polysaccharide with a specific rotation of +188° in yields corresponding to 
4-2-7-1 % of the live weight, or 20-34% of the dry weight of his material. Yields of the 
same order have since been reported by various other workers and our own observations 
add to the ample confirmation already available on this point. It will be remembered 
that Weinland [1901 ; 1902] was much struck by the presence of some lower fatty acids, 
among which a valeric acid appeared to predominate, in the contents of saline media in 
which the worms had been living, and sought to show that these acids originated by the 
anaerobic breakdown of glycogen. This problem has been repeatedly re-investigated, but 
without leading to any conclusions that can be regarded as satisfactory (see the review 
by Slater [1928]). But the possibility that the polysaccharides of Ascaris and other in- 
testinal parasites might give rise to such peculiar metabolic end-products adds a little 
more to their considerable inherent interest. 

More recently Campbell [1936] isolated from A. lumbricoides a polysaccharide which, 
to judge from his description, closely resembles glycogen, but at the same time possesses 
marked antigenic properties: it is not uninteresting to find that sensitization to this worm 
is a fairly common phenomenon among workers who are much concerned with it. 
Campbell investigated the possibility that the immunological properties of his prepara- 
tions might be due to a contaminating protein, but found that they were not destroyed 
by boiling in neutral solution or by digestion with proteolytic enzymes, while no nitrogen 
could be detected in the active material. The antigenic potency was however destroyed 
by boiling in alkaline solution. There can be little doubt that the polysaccharide material, 
which Campbell obtains by the deproteinization of aqueous extracts of the worm, does 
indeed contain a potent antigen of some kind, but he appears to believe that the whole 
of his product consists of an antigenic polysaccharide. ‘ 

( 37) 
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In his second paper Campbell [1937] reports that he was able to isolate from seven 
different parasitic helminths, seven immunologically distinct polysaccharide fractions 
which nevertheless resembled each other very closely in chemical properties. He was even 
able, by immunological tests, to distinguish between products obtained from A. lwmbri- 
coides parasitic upon pigs, and from the corresponding parasite of the human intestine. 
These two forms resemble each other so closely that they cannot be morphologically 
distinguished. In this second paper; Campbell still appears to be of opinion that the 
whole, or at any rate the main bulk, of his polysaccharide fractions consists of the antigenic 
substances. A modified method is described in this second paper by means of which yields 
of the order of 4-5 % of the wet weight of the worm may be obtained. From Campbell’s 
chemical data, as well as from the magnitude of his yields, it seems highly probable 
that the bulk of his polysaccharide must consist of glycogen, and that the specific 
antigen, whether protein in nature or not, represents only a small part of the total 
product. 

Although we have not been able to go very far into the many interesting problems which 
these observations suggest, it seemed to us well worth while to study glycogen from 
A. lumbricoides, which happened to be available to us in large quantities from time to 
time, in the hope that other workers more fortunately situated may be stimulated to 
pursue the enquiry further. 


EXPERIMENTAL 


Material used : isolation of the polysaccharide. Our starting material consisted of speci- 
mens of A. lwmbricoides freshly brought from the slaughterhouse. These were kept in the 
refrigerator for 12 hr. before being worked up. They were then digested on the boiling 
water bath for 3 hr. with 30% aqueous KOH in the proportion of 1 ml. for each g. of 
tissue. After cooling the digest the polysaccharide was precipitated by adding 1-5 vol. 
alcohol. When the precipitate had settled, the supernatant was decanted and the some- 
what slimy product treated with 97 % alcohol until hard enough to be filtered off at the 
pump. After washing with a little more alcohol the material was dissolved in the same 
quantity of KOH as before and digested for a further 2 hr. on the boiling water bath. To 
the cooled mixture an equal bulk of water was added and the whole was then centrifuged 
at high speed. This removed a quantity of brown gelatinous material. The polysaccharide 
was again precipitated by adding 1-5 vol. alcohol and after settling the precipitate was 
treated with alcohol to 80% concentration and the product collected at the pump, washed 
with more 80 % alcohol and sucked as dry as possible. The product, now almost colourless, 
was dissolved in about 500 ml. water, the solution being faintly acidified with acetic acid. 
After filtration through a G2 sintered glass funnel an opalescent fluid was obtained from 
which the crude polysaccharide was precipitated by 2 vol. alcohol. It was allowed to 
settle, hardened with alcohol as before, filtered off and dried in vacuo over calcium 
chloride. 

In this way we obtained from 484 g. of Ascaris 33 g. (or 6-8 %) of crude glycogen in one 
experiment, and in another 55-5 g. (or 7-7%) from 724 g. of worms. 

Purification and properties of the glycogen.’ 5 g. of the crude product were dissolved in 
100 ml. water and the solution was centrifuged. Acetic acid was added to 80% concentra- 
tion and the precipitate was collected by centrifuging. This acetic acid precipitation was 
repeated and the product, dissolved again in 100 ml. water, was centrifuged at very high 
speed on an Ecco ‘Blitz’ machine without, however, giving any sediment. Another 
precipitation was carried out with acetic acid and the material again dissolved in water 
and precipitated from 67 % alcohol. The precipitate was again collected and dissolved in 
water, the solution being neutralized with ammonia and again precipitated with alcohol. 
After washing with alcohol the product was filtered off and dried in vacuo over calcium 
chloride; yield 4 g. of the purified polysaccharide. 








ns 
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With an excess of iodine a rich reddish brown coloration was obtained. The substance 
itself was a white, slightly hygroscopic powder, freely soluble in water to give a somewhat 
opalescent solution.” 

Acid hydrolysis of the glycogen. A solution containing 2-935 °% of the polysaccharide in 


* 2-5% HCl was hydrolysed on the boiling water bath and gave the following polarimetric 


data, calculated in terms of the polysaccharide: 


¢ (min). = 0 15 30 45 60 90 120 180 300 
[a]3°= +196° +153° +114° +87-:0 +743 +6283 +602 +583 +57-0 


The initial value agrees well with those given for glycogen in the literature and the final 
figure, calculated in terms of glucose, corresponds to +51-3° as against + 52-5° for equili- 
brated « = B-d-glucoses. 

Acetylation. 33 g. of the crude polysaccharide were dissolved in 330 ml. water, pre- 
cipitated with 3 vol. alcohol, and the precipitate washed on to a suction filter with 97 % 
alcohol. After rapid washing with ether the substance was transferred to a flask and 
stirred mechanically with 600 ml. pyridine, to which 15 ml. water had been added ; 450 ml. 
acetic anhydride were now slowly added with vigorousstirring at room temperature. Stirring 
was continued until the reaction mixture became homogeneous and the whole was then left 
overnight. The solution was then filtered through a G3 sintered glass funnel into an excess 
of cold water, the resulting precipitate being allowed to settle. After repeated washing with 
tap water the precipitate was filtered off, washed well with tap water on the filter, sucked 
as dry as possible, and finally transferred to a vacuum desiccator over conc. H,SO,. 
Yield 45 g. (77 % of theoretical, calc. on assumption that the starting material was pure). 

A sample of the acetate was purified by dissolving it in acetone and chloroform, filtering 
through a hardened paper and evaporating to dryness. The product, a brownish scaly 
solid, had the following properties: [x]}§°= + 168°, +169° (chloroform, c=1) : COCH, 
found =41-2%, 41-4%. 

Methylation. 40 g. of the acetate were dissolved in 400 ml. acetone. 480 ml. 30% 
NaOH and 160 ml. dimethyl sulphate were then added in one-tenth portions at 10 min. 
intervals at 50°, vigorous mechanical stirring being maintained throughout. After 
boiling off the acetone the product which separated was filtered off and washed with a little 
boiling water. The reaction mixture itself was worked up in order to see what losses, if 
any, were incurred by this method of separation. After cooling to room temperature the 
mixture was extracted 6 times with chloroform, but after drying the extracts, filtering and 
evaporating to dryness, only a negligible residue remained. 

The solid substance, which thus represented the entire yield, was accordingly dissolved 
in 400 ml. acetone and again methylated, the whole process being repeated until 15 such 
treatments had been given. After 5 methylations OMe =41-6 % and after 10 methylations 
OMe =42-2%. After the fifteenth methylation the acetone was boiled off and the whole 
heated on the boiling water bath for 40 min. to decompose excess of dimethyl sulphate. 
The solid was collected on a hot G3 sintered glass funnel and washed once with boiling 
water. The crude product was now exhaustively extracted with chloroform, dried with 
anhydrous sodium sulphate, filtered and evaporated in vacuo to a thin syrup from which 
the methylated polysaccharide was precipitated by the addition of light petroleum 
(B.P. 50-60°). The precipitate was allowed to settle and the supernatant decanted, the 
solid dissolved in chloroform and again precipitated with light petroleum to yield a 
supernatant which was only faintly yellow in colour. The precipitate was again dissolved 
in chloroform, the solution dried and filtered, and evaporated to dryness in vacuo to yield 
a slightly brownish solid. Yield 26-9 g. (95-5%). 

The methylated compound had the following properties: easily soluble in cold water, 
acetone and chloroform, insoluble in boiling water: OMe=43-0%, 43-2%, 43-7%: 
[a] 46° = + 209° (chloroform, c=1): brown coloration with excess of iodine. 
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Methanolysis. 25-7 g. of the methylated substance were heated under a reflux con- 
denser for 8 hr. with 1 1. methyl alcohol containing 1% by weight of dry HCl. The hot 
solution was neutralized with lead carbonate, allowed to cool, filtered and evaporated to 
dryness in vacuo. The product was extracted with chloroform, the solution filtered and 
evaporated to dryness in vacuo to give 27-5 g. of mixed glucosides (92-6 % of the calcu- 
lated yield). 

Fractionation of the mixed glucosides. The glucosides were now distilled into a flask 
provided with a vacuum-jacketed fractionating column, from which the substances were 
fractionally distilled in a high vacuum into tared receivers. In this way we obtained 
fractions A-F. A still residue of about 8 g. which remained was treated with methyl 
alcoholic HCl as before and again fractionated to give fractions G—I (see Table 1). 

Employing the criteria established by Hirst & Young [1938] we concluded that frac- 
tions A and B consisted entirely of 2:3:4:6-tetramethyl-methylglucosides, fractions E, 
F and H of 2:3:6-trimethyl-methylglucosides, while fractions C, D and G were mixtures 
of 2:3:4:6-tetra- and 2:3:6-tri-methyl-methylglucosides (referred to as ‘tetra’- and 
‘tri’- respectively in what follows. The compositions of these fractions were approximately 
calculated from the observed values of refractive index and specific rotation, making use 
of the data given by Hirst & Young [1938]. Fraction I corresponded to dimethyl- 
methylglucosides (‘di’) and must for purposes of calculation be regarded as derived from 
potentially ‘tri’-yielding material which has escaped full methylation for some reason, 
probably through being involved in cross-linkages between adjacent molecules of the 
parent polysaccharide [cf. Hirst & Young, 1939]. The still residue, a hard glass, appeared 
to consist of a condensation product of 2:3:6-trimethyl-methylglucoside [cf. Haworth 
et al. 1937]. Taken altogether, these products amount to 25-3 g., representing a 92% 
recovery of the mixed glucosides taken for fractionation. Details of the properties of the 
various fractions are summarized in Table 1 and the compositions in Table 2. 


Table 1 


Fraction Bath temp.°C. mm. Hg Cg [o:] 18° % OMe Wt. (g.) 


102 0-02 1-4412 _ 61-5 0-133 
105 0-01 1-4436 +19-1 59-5 0-568 
105-115 0-02 1-4452 +31-8 59-7 0-960 
125 0-02 1-4539 +13-7 51-3 1-392 
125-135 0-015 1-4574 +256 51-2 10-189 
135-145 0-015 1-4592 +64-0 50-6 4-878 
115-130 0-001 1-4546 +19-0 52-7 1-027 
130-150 0-001 1-4607 +60-0 52-0 2-132 
165-170 0-006 1-4738 +61-4 38-8 1-421 
Residue = —- _— — 39-8 2-665 
Total 25-365 

Table 2 


_ 


Fraction 


Eerees 


A 
B 
Cc 
D 
E 
F 
G 
H 
I 


Pr 1-421 
Totals 1-850 1-421 





Isolation of the methyl glucoses: 2:3:6-trimethylglucose. Fraction E was hydrolysed 
by refluxing for 2 hr. with N H,SO,. The free sugar thus liberated was isolated and re- 
crystallized from a large volume of ether: M.P. 113°, not depressed on admixture with an 
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authentic sample: [«]}° = +62-0°, falling in 24 hr. to —38-0° (c=5, in methanol con- 
taining 1% dry HCl). 

2:3:4:6-Tetramethylglucose. Fractions B and C were hydrolysed in the usual way, 
the free sugar being recrystallized from ligroin: M.P. 92°, not depressed by admixture with 
an authentic sample. . 

Calculation of the chain length. In order to calculate the chain length it is usual 
(cf. Haworth et al. 1937] to add 10% to the amount of ‘tetra’ material. In the present 
case the corrected amount is therefore 2-035 g. The yield of ‘tri’ material includes 19-429 g. 
to which must be added 1-510 g. corresponding to the ‘di’ material, and 2-832 g. corre- 
sponding to the material of the still residue. The total of ‘tri’ products is thus to be taken 
as 23-771 g. Calculating in the usual way we arrive at a ‘tetra’/‘tri’ molecular ratio of 
1/12-4 and at a chain length of 13-4 units accordingly. Since the accuracy of this method 
is stated by Hirst & Young [1938] to correspond to an error of 3 units in a chain of 25 
radicles, this figure is consistent with the supposition that Ascaris glycogen conforms to 
the common 12-unit type. 

Discussion 


The data presented above indicate that the presumptive glycogen of Ascaris, prepared by 
digestion with strong alkali, consists entirely of glucose units and does not differ signi- 
ficantly from other glycogens of the widely distributed 12-unit type. At no stage did we 
find reason to believe that Ascaris glycogen is in any way unusual, and our observations 
support the view that the bulk of the antigenic polysaccharide material obtained by 
Campbell [1936; 1937] must consist of glycogen, a view to which, though Campbell him- 
self appears not to subscribe, his chemical data would certainly seem to point. 

The immunologically active component of Campbell’s material would, of course, have 
been destroyed by our method of preparation, but all the information available suggests 
that it cannot account for more than a small proportion of his yields. The antigen might 
thus be present simply as a contaminant of the glycogen proper, in which case it should 
be possible, after digesting away the glycogen from suitable preparations, to concentrate 
and isolate the antigen itself. Alternatively it is conceivable that the antigenic properties 
of Campbell’s preparations might be attributable to the attachment to the glycogen 
proper of a prosthetic group of some kind which, though it might be immunologically 
inert in the free state, confers upon the complex the antigenic properties. If such a 
grouping exists it may well be, if we judge from Campbell’s observations, that the linkage 
involved is thermostable in neutral, though not in alkaline solutions, and is stable more- 
over to proteolytic enzymes. 

In either case it seems that there is here a field of no small interest and potential im- 
portance from the standpoint of immunochemistry, and it is hoped that the data reported 
here may be of some assistance in the further pursuit of the problem. 


SUMMARY 


1. Glycogen has been prepared from Ascaris lumbricoides, parasitic upon the pig, and 
shown to have a probable chain-length of 12-13 units. 

2. Neither the polysaccharide itself nor the products obtained from it by acetylation, 
methylation and subsequent methanolysis gave any evidence of containing significant 
amounts of any radicles other than those present in any typical 12-unit glycogen. 

3. The significance of these observations is discussed in relation to the immunological 
properties of certain polysaccharide preparations obtained from Ascaris by other workers. 
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5. Biochemistry of a Cystitis Organism. 1 and 2 


By Hugh Kirkman King, From the Biochemical Laboratory, Cambridge 


(Received 21 November 1941) 
1. NUTRITION OF THE ORGANISM . 


The biochemistry of the organisms causing cystitis presents a problem in nutrition, since 
they maintain themselves indefinitely in anaerobic conditions utilizing as sources of both 
C and N some urinary constituent. The problem is more interesting as it is well known 
that anaerobic conditions severely restrict the range of C compounds capable ofsupporting 
growth. 

The primary object of the present investigation was to ascertain which constituents of 
urine supported the anaerobic growth of the organism. 


EXPERIMENTAL 


The organism was isolated from the urine of a male case of cystitis. It grew very profusely 
in this urine, and also in normal male urine. It was identified as Bact. coli* and the strain 
described as.‘P2’. When cultured on broth it had the typical rod-shape, but on urine 
assumed a highly contracted form., Another Bact. coli (‘stock’) strain gave very much 
poorer growth on urine. 

Culture. To avoid ‘adaptive’ changes, the organism was cultured anaerobically on 
urine. The urine was taken to pH 9 with NaOH, filtered through kieselguhr for partial 
removal of phosphates, restored to pH 7 with HCl and passed through a Seitz filter to 
sterilize. A urine-agar medium for plating out was prepared by adding 2% of agar to 
urine and autoclaving. Subculture was carried out at 2-day intervals. 


GROWTH EXPERIMENTS 
Various compounds, including some constituents of urine, were supplied to the organism 
as C-source to ascertain which could support growth. The substance under test was added 
to the basal medium (Stephenson [1939], Medium vu, p. 318; N supplied as NH, salts), 
which was then autoclaved. Experiments were performed in duplicate and a positive 
result was claimed only after maintenance of growth through four subcultures. Results 
are given in Table 1. 


Table 1 
C source Aerobic Anaerobic C source Aerobic Anaerobic 
Lactate - Not tested Hippuric acid (0-1 %) (+) -— 
Creatinine (0-08 %) — —_ Ascorbic acid (M/100) _ — — 
Urea (15% — a Urea, creatinine, and uric acid _ 
Uric acid (0-035 %) —_ — Urea, creatinine, uric and hip- (+) _ 
puric acids 


+ growth; —no growth; (+) poor growth. 
The concentrations of urea, creatinine, and uric acid are approximately as in normal urine. 

None of the urinary compounds tested support growth, though the ability of the 
organism to use ammonium lactate as sole source of C and N indicates that this was not 
due to lack of any ‘growth factor’. The nature of the substances supporting growth was 
now investigated by simple fractionation of urine. A sample was extracted with ether, 
first neutral and then at pH 1-5 (HCl added). Another sample was acidified with H,PO,, 
distilled in vacuo, and both distillate and neutralized residue were tested (Table 2). 


* Typed by Dr Carruthers, of the Pathological Laboratory, Cambridge. 
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Table 2 
Aerobic Anaerobic ; Aerobic Anaerobic 
Ether extraction: Distillation at acid reaction: 
‘Neutral’ extract — — Distillate -— — 
‘ Acid’ extract — —- Residue os a 
Extracted residue co - 
+ growth; — no growth. 


A concentrate of the non-fermentable sugar of urine (see below) supported growth how- 
ever. It was prepared as follows: 1000 ml. urine were evaporated in vacuo to 100 ml. and 
25° basic Pb acetate was added till no further precipitation took place ; the precipitate 
was decomposed with H,S, and the resulting filtrate evaporated in vacuo at low temp. to 
6 ml. ; an equal vol. of alcohol was added and the precipitate (mainly inorganic) discarded. 
The filtrate, diluted to 50 ml. with water, was treated with Ag,CO,, filtered, the filtrate 
freed from Ag by passing H,S (excess removed by evaporating slightly in vacuo), and 
fermentable sugar was removed by yeast (see below). The concentrate, containing 20%, 
of the non-fermentable sugar of the original urine, diluted to give a sugar concentration 
of ca. 40 mg. per 100 ml. and with addition of inorganic requirements as above, supported 
both aerobic and anaerobic growth through four subcultures. 


REMOVAL EXPERIMENT 


To ascertain which constituents disappeared during growth of the organism, a sample of 
urine was assayed for most of the well-recognized constituents before and after growth 
had taken place. 

Urea, uric acid, creatinine, hippuric acid, total amino-acids (as a-amino-N), reducing 
sugar, and total carbohydrate were assayed. As urine contains much other little-known 
organic material, total C and N were estimated and a balance-sheet was constructed for 
these elements. Since most of the C and N is accounted for by urea, this (together with 
NH,) was removed before assay of these elements, the figures for which would otherwise 
have had little significance. 

Urea (Cole, 1937]. Aaa ees 


Amino-acid N [Peters & Van Slyke, 1933, p. 385]. Urea and NHg, which interfere with 
this assay, were removed. Other interfering substances were allowed for by a ‘blank’ 
described by these authors. For removal of urea and NHg, 25 ml. urine, 25 ml. M/15 
phosphate buffer pH 7, and 0-4 ml. (the smallest quantity effecting complete removal) of 
a 10% solution of the ‘pure’ urease preparation described by Peters & Van Slyke [1933, 
p- 545] with two drops of 0-04 % bromothymol blue, were heated to 40-45° and N HCl was 
added to neutralize the NH, as formed. When the reaction was apparently complete, acid 
was added until the indicator was yellow, and the vessel fitted with a bung and capillary 
was evacuated to remove CO,, the evacuation being stopped to add more acid when neces- 
sary. The solution was then neutralized with N/10 NaOH and kept 1 hr. at 45°. The NH, 
was distilled off according to Peters & Van Slyke [1933, p. 927], save that CO, was finally 
removed with HCl instead of acetic acid. 

The enzyme preparation introduced some C and N and to allow for this in the estima- 
tion of these elements, a ‘blank’ was set up as above but with 1-5 % urea solution in place 
of urine. 

Creatinine [Folin, 1914]. 

Hippuric acid [Henriques & Sorensen, 1910]. 

Uric acid [Blauch & Koch, 1939]. The uricase destruction described by these authors 
was omitted as the error due to interfering substances was found to be small. 

Sugar. The reducing substances of urine, assumed to be mainly sugar, were estimated 
according to Harding & Selby [1931]: figures should be read ‘as glucose’. 
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Removal of fermentable sugar by yeast. Harding & Selby [1931] describe a method for 
the removal of fermentable sugar by treatment with washed yeast for 8 min. at 37°. 
I found however that fructose is not quantitatively removed unless the time of treatment 
is extended to 60 min. The small amount of fermentable sugar in urine being entirely 
glucose [West & Steiner, 1932], treatment for 8 min. only was adequate. The yeast has 
no appreciable reduction blank. 

‘Total carbohydrate’ was estimated by the orcin method [Pirie, 1936]. The figures should 
be read ‘as glucoSe’. The values obtained for total carbohydrate in urine were usually 
about twice the reducing values (Table 3). This accords with the findings of Fleury & 
Ambert [1930]. 


Table 3. Comparison of ‘total’ and ‘reducing’ carbohydrate 
in three samples of urine 


mg. per 100 ml. ‘as glucose’ 


\ 


Reducing ‘Total’ 
I 58 105 
II 49 99 
Til 47 . 95 


Total N (exclusive of urea and NH,) was estimated [Cole, 1933, p. 332] on the fraction 
from which these had been removed, with correction for urease ‘blank’. 

Total C (exclusive of urea). 0-5 ml. urea-free urine containing 2-3 mg. C, was evapo- 
rated to dryness and the estimation proceeded with as described by Van Slyke et al. 
[1933] with correction for urease ‘blank’. 


Analytical results 


Table 4 gives the complete analysis of a sample of urine. The C and N contents of each 
constituent are given (cols. 2 and 4) and also the percentages of the total C and N for which 
they account (cols. 3 and 5). The ‘undetermined’ C and N are obtained by difference: the 


Table 4. Urine collected 5 p.m. to 9.a.m. Vol. 990 ml. 





Cc N 
Substance - A a ‘ 
g./l. g/l. % of total g./I. % of total 
Urea 16-8 _ — ‘— a 
Creatinine 0-94 0-354 11-5 0-31 36-5 
Uric acid 0-47 0-167 5-5 0-156 18-7 
Hippuric acid 0-224 0-133 4-3 0-017 2-0 
Amino-acids 0-092* 0-395f 12-9 0-129F 15-2 
Reducing sugar 0-58 (not included, as duplicates ‘total carbohydrate’) 
Total carbohydrate 1-05 0-42 ; — — 
Undetermined C and N — 1-59 52-0 0-24 27-6 
Total C and N — 3-06 100-0 0-85 100-0 


* Amino-N figure. 
+ Estimates based on the amino-N figure and the composition of the ‘average’ amino-acid. 


‘total’ C and N are exclusive of urea and NH. The undetermined C is disappointingly 
high, but there is no evidence that this fraction is of importance in the metabolism of the 
microorganism. 

This urine (250 ml.) after sterilization by Seitz filtration, was sown with organism, incu- 
bated for 5 days in an atmosphere of N,, during which the pH rose from 5-7 to 8-2, the 
(inorganic) precipitate and the crop of organism were centrifuged off, and the supernatant 
assayed as before. The dry weight and C content of the crop of organism were determined 
(Table 5). 
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Table 5 
Cc N 
Substance ©, ————4 —-— 
g./l. g./l. % of total g/l. % of total 

Urea ‘ 12-3 —_— —_— — — 
Creatinine 0-88 0-325 12-3 0-284 43-7 
Uric acid 0-039 0-014 0-5 0-013 2-0 
Hippuric acid Nil - = 
Amino-acids 0-080* 0- 334 13+ 0 0-112 17:3 
Reducing sugar 0-080 (not included, as duplicates ‘total carbohydrate’) 
Total carbohydrate 0-54 0-204 7-7 — 
Organism 0-058 0-027 1-0 Not amayed _ 
Undetermined C and N — 1-74 65-5 0-24 37-0 
Total determined C and N = 0-914 34-5 0-409 63-0 
Total C and N — 2-65 100-0 0-65 100-0 


* Amino-N figure. 


In Table 6 the analyses before and after anaerobic growth are compared. 


Table 6 
Change 
Before After ooo," 

g./l. g./l. g./l. % of total 
Urea 16-8 12-3 -4:5 - 27 
Creatinine 0-94 0-88 — 0-50 - . 6-4 
Uric acid 0-47 0-039 — 0-43 — 92 
Hippuric acid 0-224 Nil — 0-224 -— 100 
Amino-acids 0-092* 0-080* — 0-012 + 13 
Reducing sugar 0-58 0-08 — — 0-50 “ = 86 
Total carbohydrate 1-05 0-54 -0-51 - 48 
Organism — 0-058f 0-058 _ 


* Amino-N figure. + Dry wt. 


Only a small fraction of the creatinine and amino-acids had disappeared. The hippuric 
acid has all been removed, but this may indicate hydrolysis to glycine and benzoic acid. 
(Hippuric acid could not be used as a hydrogen donator, see below, and supported growth 
very poorly.) Most of the uric acid was removed, but this is a somewhat unstable com- 
pound and also gave negative results in both the growth and dehydrogenase experiments 
(below). Total N decreased by 27%, but this could be accounted for by conversion into 
NH, of the N of the lost creatinine, uric, hippuric and amino-acids. 

Total C shows a rather large fall. This may be partly explained by the conversion of 
non-volatile compounds (e.g. carbohydrates) into volatile fermentation products, whose C 
could not be assayed quantitatively by the methods used. Adding this loss of 410 mg./l. 
to the increase in ‘undetermined’ C gives a minimum figure for C metabolized of 555 
mg./l.; as 58 mg./l. organism with a C content of 27-4 mg. were obtained, the growth 
efficiency was 5%, a normal figure for anaerobic conditions. 

Nearly all the ‘reducing’ but only half the ‘total’ carbohydrate was metabolized. The 
actual amounts removed—0-50 and 0-51 g. respectively—were the same, suggesting that 
urine may contain two substances assaying as ‘total carbohydrate’, one reducing, one 
non-reducing, only the former being utilized by the organism. 

The decomposition of 27% of the urea indicated that the organism possessed a 
powerful urease. It was thought that this might be an adaptation to life in the bladder. 
M. Stephenson and J. H. Waelsch, however, in a private communication quoted by kind 
permission, state: ‘Twelve strains of Bact. coli isolated from the bladder of cystitis 
patients... were investigated, and ...four contained urease and eight did not. Three stock 
strains of Bact. coli, not containing urease, were cultivated through nine subcultivations 
in urine: none of these developed any trace of urease. There therefore seems to be no 
reason to postulate the possession of urease as an adaptation to life in the bladder.’ 
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DEHYDROGENASES OF THE ORGANISM 


A micro-organism can use as a source of C only compounds which it is capable of de- 
hydrogenating [Quastel et al. 1925]. The C source of the organism was now investigated 
by studying the ability of the washed organism to dehydrogenate various substrates, 
including urine and some of its constituents. 

Preparation of washed suspensions. The organism was grown semi-anaerobically on 
sterile urine (1 1.) for 24 hr. The crop of organism was centrifuged down and washed three 
times on the centrifuge with distilled water. The considerable inorganic precipitate formed 
during growth was removed by differential centrifuging. The suspension was used the 
same day. 

The washed organism was suspended in 10-15 ml. water and the yield estimated 
turbidometrically. 1 1. of urine normally yielded 50-100 mg. (dry wt.), about half of 
which was C. This is an informative figure, since it indicates that not less than, say, 
250 mg. of the substance(s) supporting growth must be present in 1 1. of urine. 

Hollow stoppered Thunberg tubes were used. In the hollow stopper was 0-5 ml. washed 
suspension, containing about 3 mg. (dry wt.) of the organism. The actual amount is stated 
in each case. 

The tube contained: 

Methylene blue, 1/5000; 1 ml. 

Phosphate buffer, M/15, pH 7-0; 1 ml. 

The substrate under test, usually 1 ml., neutralized. 

Water to give total vol. (incl. organism) 5 ml. 

The tubes were evacuated, placed in the thermostat (37°) for a few min. to equilibrate 
and to demonstrate that no reduction took place in the absence of the organism. The tubes 
were then tipped to add the suspension to the rest of the contents, and the time required 
for complete reduction of the methylene blue noted. ‘Blanks’ with no substrate present 
gave in most cases reduction times of over 100 min. 


0-3 


0-2 B 


Ol 


* Reaction velocity (1/reduction time) 


0 = 
x500 x50 xo 
Dilution of urine 
Fig. 1. Urine as hydrogen donator. Two samples of urine, used with organism suspensions containing: 
for urine A 4-9 mg., urine B 4-1 mg., dry wt. per tube. 


Results with various substrates 


Urine. The reduction times with urine at various dilutions are shown in Fig. 1. The 
two curves A and B represent separate experiments with different samples of urine and 
of washed suspension. 
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Constituents of urine, and some other substances. Of the substances tested, only lactate 
and formate are active. But, as Fig. 1 shows, urine gives reduction in about 5 min. at a 
dilution of 1/50: lactate gives reduction in the same time only at a concentration of 
0-2%. If therefore the active substrate in urine were solely lactate, the concentration 
of the latter would have to be of the order of 10%. Formate is excluded since the urinary 
hydrogen-donator is not volatile in acid solution (see below). 


Table 7. Dehydrogenation of constituents of urine, and some other substances 


Reduction time 
Organism - K 
Substrate mg. With urine With substrate 





Creatinine, 0-016 % 1-7 7 min. 55 sec. >2 hr. 
Uric acid (few crystals of solid) 1-7 7 min. 55 sec. >2 hr. 
Urea, 03% 1-7 7 min. 55 sec. >2 hr. 
Lactic acid: 0-004% 1-7 7 min. 55 sec. >2 hr. 
0-02 % 4-0 3 min. 50 sec. 24 min. 
0-2% 4-0 3 min. 50 sec. 5 min. 15 sec. 
Formic acid, 0-01% 3-7 5 min. 55 sec. 7 min. 0 sec. 
Hippuric acid, 0-1% 3-7 5 min. 55 sec. >1 hr. 
Glycine, 0-02 % 2-0 3 min. 0 sec. >1% hr. 
Ascorbic acid, M/100 2-2 4 min. 40 sec. > 14 hr. 


The first column gives mg. (dry wt.) of organism per tube. The second column gives, for comparison, the 
reduction time when 1 ml. normal urine was supplied as substrate. 


Investigation of the fractions obtained by ether extraction and by distillation at 
acid reaction (see above) shows (Table 8) that the active substrate in urine is not ether- 
extractable or volatile in acid solution. ! 


Table 8. Dehydrogenation of urine fractions 


Organism Organism 
per tube, Reduction per tube, Reduction 
Substrate mg. time Substrate mg. time 
Untreated urine 2-3 7 min. 5 sec. Untreated urine 2-8 5 min. 55 sec. 
‘ Acid’ ether extract 2-3 >2 br. ‘Acid distillate’ 2-8 2 hr. 10 min. 
‘Neutral’ ether extract 2-3 >2 hr. Residue 2-8 6 min. 10 sec. 
Residue 2-3 7 min. 10 sec. Blank (no substrate) 2-8 >2 hr. 


Sugars. The sharp falling-off in activity at a certain concentration, and the mainten- 
ance of full activity down to very low concentration (about 1/100 dilution of urine) 
suggested in view of the results of Quastel & Whetham [1925] that the active substrate in 
urine might be a sugar or related compound. The failure of the substrates of Table 7 to 
account for the hydrogen-donator activity of urine, and the results given in Table 8, 
were consistent with this speculation. 

The sugar dehydrogenases of the organism were now investigated: the results for 
glucose, fructose, lactose and galactose are given in Fig. 2, and for arabinose, rhamnose, 
glucuronic and galacturonic acids in Table 9. 

Comparison of Figs. 1 and 2 shows that urine gives a curve intermediate between those 
for fructose and glucose. With both these sugars, hydrogen donator activity falls off 
sharply at a concentration of about M/40,000.* The corresponding concentration with 
urine is the dilution 1/100. Were the hydrogen donator in urine either of these sugars, this 
would indicate a concentration of the sugar in urine of (/40,000)/(1/100), ie. 7/400, 
or 0-45 g./l. Now, as Table 10 shows, the fermentable sugar content of urine is usually of 
the order of 1/10 this amount, or less. But the mean content of the non-fermentable sugar 


* This may be due either to the enzyme being ‘saturated’ only above this concentration, or to there being 
stoichiometrically insufficient sugar at lower concentrations to effect complete reduction of the methylene 
blue. 
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of the ten.urines recorded in Table 10 is 0-56 g./l. It will be recalled that the yield of 
washed suspension of organism from a given volume of urine itidicated a lower limit of 
(-25 g./l. for the substance(s) supporting growth. 


Reaction velocity (1/reduction time) 





M/100,000 


M/10,000 


M/1000 
Cone. of sugar 


M/100 u/10 


Fig. 2. Dehydrogenation of sugars. Dry wt. washed suspension, per tube: glucose 1-9 mg., fructose 2-0 mg., 
lactose 2-7 mg., galactose 2-2 mg. 


Table 9. Dehydrogenation of some sugars 


Reduction time 





Organism cr 


Substrate mg. With 1 ml. urine With substrate 


Glucuronic acid, 0-001 M 1-9 9 min. 45 sec. 33 min. 
Galacturonic acid, 0-0025 M 1-9 9 min. 45 sec. > 14 hr. 
Arabinose, 0-01 M 2-2 4 min. 40 sec. 12 min. 45 sec. 
Rhamnose, 0-01 M 2-2 _ 4 min. 40 sec. >2 hr. 


Table 10. Fermentable and non-fermentable sugar content of ten urines 


mg. per 100 ml. (as glucose) mg. per 100 ml. (as glucose) 


Subject “Sex Fermentable Non-fermentable Subject Sex Fermentable Non-fermentable 
MCAC F. 0 79 DJDH M. 6 65 
EFG M. 9 59 RvH F. 0 31 
AN M. 41 103 HKK M. 2 60 
FMM F. 0 22 DH M. 3 7-4 
JFD F. 0 47 IDPW M. 0 44 


Fermentable and non-fermentable sugar estimated according to Harding & Selby [1931]. All normal 


healthy subjects, ages 20-35. 


Table 10 shows considerable variation in non-fermentable sugar content: this is to be 
expected, as the urines were not collected under standard conditions. Nowif the hydrogen- 
donator activity of urine is attributable to this non-fermentable sugar, activity should be 
proportional to its concentration. Fig. 3 shows that this is in fact the case: here the rela- 
tion between velocity of reduction and sugar concentration is plotted for five of the urines 
of Table 10. The corresponding curve for glucose is included for comparison. Fig. 3 differs 
from Fig. 1 in that abscissae are sugar concentrations, not urine concentrations; also the 
curves in Fig. 3 are corrected for the ‘blank’ (no substrate) reduction time. 

This proportionality between hydrogen donator activity and reducing sugar content 
was Observed also in concentrates of this sugar prepared during attempts at its isolation. 


Biochem. 1942, 36 4 
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(Details are given in Part 2.) Fig. 4 shows the results, with a curve for a normal urine 
sample for comparison. Concentrate ‘A’ was prepared by precipitating the urine with 
basic lead acetate and recovering the sugar from the precipitate, and ‘B’ by further 
purification of ‘A’ by precipitation of the sugar with baryta from methyl alcoholic solution. 


~. 






> 
to 


Reaction velocity (1/reduction time) 
= 


M/100,000 M/10,000 M/1000 
Conc. of sugar 


Fig. 3. Dehydrogenation of urinary sugar. Dry wt. washed suspension, per tube: glucose 1-9 mg., other 
curves 2-2 mg. Glucose: @----(@. Urines (see Table 10): RvH VY V, DH 0 —O, HKK 
©, DJDH A A, IDPW x Mie : 
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Reaction velocity (1/reduction time) 


0 
M/100,000 M/10.000 M/1000 


Cone. of sugar 


Fig. 4. Dehydrogenation of sugar concentrates. Dry wt. washed suspension, per tube: urine and concentrate 
A 2-1 mg.; concentrate B1-9mg. Urine, [ ; concentrate A, x x ; concentrate B, (——A. 























Table 11 gives further support to the speculation that the active substrate of urine is 
the sugar. The reduction times for normal urine are compared with those for a sample 
after anaerobic growth of the organism. 





Table 11 
Reduction times 
c = ———. 
Dilution of urine Normal urine Urine after anaerobic growth 
1/5 3 min. 50 sec. 1 min. 0 sec. 
1/50 4 min. 0 sec. 13 min. 0 sec. 


Anaerobic growth decreases reduction time at 1/5 dilution but on increasing the dilution 
ten times an almost proportional increase in reduction time occurs. This is consistent with 
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the conversion of the original sugar into numerous fermentation products, many of which 
are actively dehydrogenated by the organism. None of these however has as high an 
affinity for its enzyme as the parent sugar, hence at the higher dilution their reducing 
power is decreased to a relatively greater extent. 

Urine on which aerobic growth had taken. place showed, as was to be expected, no 
hydrogen donator activity. 

The active substrate in urine was also shown to be completely dialysable. 

Although the above evidence renders it very improbable that the active substrate in 
urine is yeast-fermentable, direct confirmation of this was desired. Fig..5 gives the eurves 
for yeast-treated urine and for an untreated control: there is no essential difference. The 
yeast itself was shown to introduce no ‘blank’. 


Reaction velocity 
(1/reduction time) 





x500 x50 x5 
Dilution of urine 


Fig. 5. Effect of yeast treatment on hydrogen-donator activity of urine. 


For this experiment the urine was treated with yeast for 8 min. This does not remove 
fructose completely, but Table 12 gives the results for a sample of urine which had been 
yeast-treated for 60 min. This removes fructose quantitatively. 


Table 12. Effect of yeast treatment for 60 min. on H-donator activity of urine 


Substrate Reduction time 
Untreated urine, dil. 1/50 2 min. 45 sec. 
Yeast-treated urine, dil. 1/50 3 min. 30 sec. 
Blank (no substrate) 2 hr. 


DISCUSSION AND SUMMARY OF Part I 


The results described imply that the ‘sugar’ of urine is the source of carbon in the 
nutrition of Bact. coli in cystitis. The evidence is summarized as follows: 

1. The organism shows vigorous anaerobic growth on urine, but not on media con- 
taining its well-known constituents—urea, uric acid, hippuric acid—separately or to- 
gether, as C-source. But a concentrate of the urinary sugar, prepared from urine by a 
basic Pb acetate method, supported anaerobic growth. 

2. During anaerobic growth the organism removes from urine the reducing sugar, and 
uric and hippuric acids. Only small quantities of creatinine and amino-acids are utilized 
and there was no evidence suggesting utilization of the compounds not investigated, 
which account for about half the total C, exclusive of urea. 

3. Study of the dry weight of organism obtainable from a given volume of urine indi- 
cated a lower limit of 0-25 g./l. for the substance(s) supporting growth. 

4. The organism, though possessing a powerful dehydrogenase for some substrate 
present in urine, cannot attack urea, uric acid, glycine, hippuric acid, ascorbic acid, 
glucuronic acid, galacturonic acid. 
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5. The substrate is not ether-extractable or acid-volatile. It is completely dialysable. 

6. The dehydrogenase maintains its maximal activity even at great dilutions of the 
substrate, suggesting that the latter might be a sugar or related compound., Study of the 
effect of anaerobic growth of the organism on the hydrogen-donator activity of the urine 
gave results consistent with this suggestion. 

7. The hydrogen-donator activities of several urines, and of concentrates of sugar pre- 
pared from urine, were quantitatively proportional to the reducing sugar contents. 

8. Evidence is adduced to indicate that the small amount of fermentable sugar found 
in normal urine cannot account for these results. : 


2. INVESTIGATION OF THE SUGAR OF NORMAL URINE 


Though the presence of a sugar in normal urine has long been recognized, and the isolation 
and identification of a compound occurring to the extent of 0-5 g,/]. does not appear super- 
ficially to be a difficult problem, yet little is known about this sugar, despite the efforts of 
numerous investigators. These have hitherto followed one of two lines: (1) the indirect 
method of studying the effect of various treatments, e.g. Br oxidation [Everett et al. 
1934] or boiling with acid [Harding et al. 1936], on the reducing power of the urine; and 
(2) more frequently, direct attempts have been made to prepare and identify an osazone 
of the sugar. 

The earlier work on osazones [cf. Everett & Sheppard, 1931] has often been invalidated 
by failure to recognize sources of error such as that described by Jaffe [1896] who showed 
that urea forms 1-phenylsemicarbazide under the conditions normally employed in the 
preparation of osazones. Harding e¢ al. [1936] prepared N-free sugar extracts from urine 
and studied the effect of boiling with N acid: they found that a small amount of fer- 
mentable matter was liberated by this treatment, including a little galactose, which they 
detected by the differential fermentation methods developed by Harding & Nicholson 
[1933] and Nicholson [1936]. Nicholson & Archibald [1939] decided, from a study of the 
NalO oxidation of the sugar, that 75% behaved as aldose—in contrast to Everett et al. 
[1934] who concluded from a study of Br oxidation that the sugar was mainly ketose. 
Nicholson & Archibald’s [1939] differential fermentation experiments yielded no further 
information as to the nature of the bulk of the material. 

In the present investigation, sugar concentrates were prepared containing up to 25 % 
of the dry wt. as sugar. These were investigated by means of colour reactions and osazone 
formation. ; 


EXPERIMENTAL 
Concentration of urinary sugar 


The urine was concentrated x 10 by evaporation.* Methods for preliminary separation 
of the sugar involved (1) ‘clearing’ of the concentrated urine followed by (2) precipitation 
with a sugar precipitant. Numerous methods were tried which will be briefly mentioned 
before describing that finally adopted. 

Preliminary trials. The technique of Harding et al. [1936] resulted in loss of 40% of 
the sugar during the basic Pb acetate and 70% during the strongly acid HgSO, treat- 
— Nearly all the rest of this acid- and alkali-labile sugar was destroyed by the highly 

lkaline copper-lime reagent. 

a acetate proved unsatisfactory as a ‘clearing’ agent (loss 50%, ssileatile due to 
oxidation), and though 5% Fe(SO,), followed by BaCO, gave clear colourless filtrates with 
up to 70% of the original sugar, neutral Pb acetate was finally adopted as more con- 
venient in view of the subsequent treatments (see below). 


* All evaporations were performed in vacuo. 
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The sugar itself was completely precipitated from the urine concentrate by basic Pb 
acetate. For regeneration of the sugar, H,S, H,SO, followed by BaCO,, and oxalic acid 
were tried in turn, but abandoned in favour of CO,. The concentrate used in the dehydro- 
genase test of Fig. 4 (curve for ‘Concentrate A’), however, was obtained by oxalic acid 
regeneration (10 °% soln. added till pH fell to 2-5, followed by concentration in vacuo and 
removal of excess oxalate as the Ba salt; recovery 40% of the original sugar). 

Basic Pb acetate gave very variable results however in respect both of the percentage of 
sugar precipitated and the percentage regenerated by CO,. This was partly due to differ- 
ences between different samples, but mainly to the precipitation of the sugar being 
apparently effected by adsorption on the precipitate formed with other substances 
present.in the urine concentrate, the nature and amount of which were very variable. 
As a result of this, only partial precipitation could be achieved from ‘cleared’ solutions, 
and this led to the abandonment of basic Pb acetate as such for sugar precipitation. 

The technique was therefore adopted of making the basic Pb acetate in situ by addition 
of the neutral salt followed by NH, [cf. Rimington, 1929; 1931]. The composition of the 
precipitate, now mainly PbO or Pb(OH),, could be controlled by adjustment of the pH, 
and by repeating the process the sugar could be completely precipitated from ‘cleared’ 
solutions. As the most successful procedure for separating the sugar was based on this 
method, full experimental details of this alone will be given. 

Procedure finally adopted. 250 ml. urine concentrate (containing 1-17 g. sugar*) were 
treated with -250 ml. 30% neutral Pb acetate, the precipitate discarded, aqueous NH, 
added to raise the pH to 9-0, the resulting ‘basic Pb’ precipitate filtered off, 100 ml. 
neutral Pb acetate added and NH, as before, the fresh precipitate filtered off, and the 
precipitation repeated. The final filtrate was discarded, and the three ‘basic Pb’ precipi- 
tates combined, washed with 250 ml. water, suspended in 250 ml. water, mechanically 
stirred, and a brisk current of CO, passed in. When the reaction was complete (}—1 hr.) 
the mixture set to a semi-solid pasté. This could be filtered, however, and the bulky residue 
was washed twice by suspending in 250 ml. water and passing in CO, with mechanical 
stirring. The combined filtrate and washings were then freed from lead by passing H,S, 
and the resulting filtrate (after evaporation in vacuo to remove H,S) contained 0-59 g. 
sugar, a recovery of 51%. The various residues were decomposed with H,S and assayed 
for sugar (Table 13). 81°% was accounted for. 


Table 13. Separation by neutral-ammoniacal lead acetate precipitation 


250 ml. concentrate 
Sugar: 1-17 g. 
Ppt. with 250 ml. 
neutral Pb acetate 





| ! 
Filtrate. Add NH,, and Precipitate (discard) 








repeat precipitation twice Sugar: 0-22 g. 
es ve 
Filtrate (discard) Combined precipitates 
Sugar: 0-04 g. Decompose with CO, 
| 
| 
Filtrate. Remove traces Residue 
of Pb with H,S Sugar: 0-10 g. 
Sugar: 0-59 g. : 


Further purification of the sugar concentrates 


The sugar concentrates thus obtained were not an adequate starting point for the identi- 
fication of the sugar, which accounted for only 10% of the total solid matter. Two con- 
taminants, urea and fermentable sugar, required specific removal. 


* All figures for sugar in this and subsequent sections refer to non-fermentable sugar. 
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Urea was removed by urease. The concentrate, containing about 0-5 g. sugar, was 
evaporated to about 100 ml. and 100-200 mg. ‘pure’ urease (see Pt. I) and a drop of 
0-04 % bromothymol blue added. The solution was heated to 37° and N H,SO, added to 
neutralize the NH, as formed. When the reaction was complete, the solution was shaken 
with a little charcoal and filtered through kieselguhr. 

Fermentable sugar was removed at this stage by treatment with washed yeast for 
15 min. at 37°. Most of the yeast was removed by centrifuging, the remainder by 
filtration through kieselguhr. Blank experiments showed that neither yeast nor urease 
added any reducing substances to the solution. 

The filtrate was now evaporated till solid began to separate and excess alcohol was 
added. A heavy precipitate, consisting of some inorganic salts and the ammonium sul- 
phate formed from the urea, was filtered off, the filtrate evaporated to small bulk and 
excess alcohol was again added. The concentrate was now ready for further purification, 
and two methods were tried. 

(1) This was essentially the same as that found by Neuberger [1938] to give 95% 
recovery in the somewhat similar problem of the isolation of a carbohydrate derivative 
from egg-albumin. 

The solution was evaporated to dryness and acetic anhydride and dry pyridine were 
added. After standing 48 hr. at room temperature, the mixture was poured into ice-water 
and extracted with benzene, the extract dried and the solvent evaporated off. Attempts 
to recrystallize the oily residue proving unsuccessful, it was deacetylated by treatment 
with dry methyl alcohol containing a trace of NaOEt, but the deacetylated product con- 
tained only 2-5 % of the sugar originally present. It was presumed that the reagents em- 
ployed had proved too drastic for this very labile compound. 

(2) Recoveries of 40-70 % were obtained, however, by the method of Baba [1935] in- 
volving precipitation of the sugar by Ba(OH), from methyl alcoholic solution. The use 
of a non-aqueous solvent much reduces the danger of destruction of a labile sugar by the 
Ba(OH),, but, as Baba points out, speed in manipulation is vital for success. 

The alcoholic solution, from which urea and fermentable sugar had been removed, and 
which contained about 0-5 g. sugar, was evaporated to dryness and the residue taken up 
in 25 ml. methyl alcohol. Ether was added until the solution was just turbid (5-10 ml. 
required), and sufficient N Ba(OH), added to effect complete precipitation (20-30 ml. 
required). The heavy precipitate was centrifuged down and washed twice with methyl 
alcohol containing a little ether, then suspended in water and neutralized by CO,. The 
precipitate of BaCO, was filtered off and the filtrate freed from traces of Ba by careful 
addition of H,SO,. The entire operation from addition of the Ba(OH), to neutralization 
with CO, was complete in 25 min. 

A sugar concentrate thus prepared had the same hydrogen-donator activity for the 
organism, relative to its sugar content, as urine (see Pt. I, Fig. 4, “Concentrate B’). 


INVESTIGATION OF THE SUGAR CONCENTRATES 


Colour reactions 


These were performed under the conditions described by Cole [1933] on a 1 % solution of 
the sugar in 70°, aqueous alcohol. 

‘Rapid furfural.’ Here Cole’s [1940] modified method was used. The reaction was 
positive, the urine sugar giving the same reaction as fructose. 

Foulger’s test for ketoses gave a negative result. 

Tests for pentose. Bial’s test was negative, but the phloroglucinol test was indecisive: 
arabinose gave a rose tint, turning to a rich red-brown; the urinary sugar gave a yellow 
colour turning to a red-brown very like that given by arabinose. 

Tollens’ napthoresorcinol test for uronic acids and uronides was negative. 
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Reduction of Fehling’s solution 


The reduction of Fehling’s solution by the urinary sugar was qualitatively compared with 
the reduction by other sugars. The results are given in Table 14. 1 ml. 1% sugar solution 
was taken and 5 ml. Fehling’s solution. 


Table 14. Reduction of Fehling’s solution 


At 60° At 40° 
Urine sugar * Reduction commenced after 2 min., No definite signs of reduction after 
strong reduction, 5 min., complete in 20 min. 
10 min. 
Fructose Similar to urine sugar but slightly Reduction commenced 2$ min., but 
more rapid not complete even after 20 min. 
Glucose Only traces of reduction after 20 min. Not investigated 
Arabinose Slight reduction after 3 min.: still only Not investigated 


slight after 10 min. 


Preparation of an osazone 


In spite of numerous and varied attempts, great difficulty was experienced in obtaining a 
clean crystalline product, presumably owing to the very variable nature of the impurities 
accompanying the sugar. 

The main difficulty, the separation of the osazone as an oil or tar, could be overcome by 
carrying out the reaction in alcoholic solution: but the product then failed to separate on 
cooling. The best results were obtained by using a mixture of alcohol and water in such 
proportions that the product did not separate during the heating but crystallized out on 
cooling. 

To 15 ml. water and 5ml. alcohol, containing 0-19 g. sugar, were‘added 1 g. recrystallized 
phenylhydrazine hydrochloride and 2 g. sodium acetate. The solution was heated to 
dissolve the reagents, filtered and heated on the water bath for 2 hr. and allowed to cool 
slowly, being finally left overnight in the ice chest. Some oil was formed, but also a crop 
of crystals. The latter was filtered off and dried, giving 0-205 g. or 54% of the theoretical 
yield. A sample of this crude product was analysed (Table 15, ‘Urinary osazone 1’).* The 
osazone was recrystallized from aqueous alcohol, giving a constant but not very sharp 
m.P. 160°. (All M.P.s taken with the same apparatus and the same thermometer; uncorr. 
unless otherwise stated.) This product was also analysed (Table 15, ‘Urinary osazone 2’). 

8-4 mg. in 3 ml. dry pyridine gave «)—0-39°, 1=2 dm.; [«])—70°. 

Sometimes a product with a much higher and sharper M.P. was obtained. Thus in an 
experiment with a concentrate containing 0-67 g. sugar, heated with phenylhydrazine 
acetate and sodium acetate in aqueous solution, but with addition of sufficient alcohol at 
the end of the reaction to dissolve all the oil formed, 0-84 g. crude osazone was obtained 
(63 % yield), M.P. 190-192° (recryst. from aqueous alcohol), M.P. 206° (corr. ; recryst. from 
alcohol). A second recrystallization from alcohol gave m.P. 215° (corr.) sharp and constant 
after further recrystallization. Some authentic osazones were now prepared by standard 
methods, and the following M.Pp. and mixed m.P. taken (corr. values, Table 16). The 
material was also analysed (Table 15, ‘Urinary osazone 3’). 

The analysis of the recrystallized osazone (Table 15, 2, 3) though close to the theoretical 
figures for a hexosazone do not agree exactly: Much better agreement is obtained with 
the figures for a hexosazone with the elements H,O added. This, however, may not be 
significant. 

Although the osazone was obtained in good yield, much was lost during recrystalliza- 
tion, and there was a danger that the purified fraction was not representative. An analysis 


* Analyses by Dr G. Weiler. 
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Table 15. Analysis of osazones 


C2 ee C H N 
% % % % % % 
Found: Theoretical: 
Urinary osazone: 1 60-5 6-2 14-4 Hexosazone 60-3 6-15 15-7 
2 57-8 6-4 14-9 Hexosazone + H,O 57-7 6-4 14-9 
3 58-6 6-6 14:8 
Table 16 
M.P. or mixed M.P. M.P. or mixed M.P. 
d-Glucosazone 205° Urine sugar and dl-xylose 216° 
d-Galactosazone 193° Glucose and dl-xylose 207-8° 
dl-Xylosazone* , 215° Glucose and galactose 186° 
Urine sugar and glucose 203° Urine sugar and galactose 197° 
* Prepared by Dr D. J. Bell. ~ 


was therefore made of the crude product (Table 15, ‘Urinary osazone 1’). Agreement for 
a hexosazone is good for C and H but the N figure is low. 

An attempt was made to prepare the acetyl derivative of the osazone following the 
technique of Maurer & Scheidt [1935] for acetylglucosazone, viz. treatment with acetic 
anhydride in pyridine solution. The material separated as an oil, however, and all attempts 
to obtain a crystalline product failed. 

Preparation of osazones for comparison. In addition to the ‘authentic samples’ de- 
scribed above the following phenylosazones were prepared: d-maltose, M.P. 193°; l-arabi- 
nose, M.P. 159°, d-xylose, M.P. 160°; /-rhamnose, M.P. 189° (corr.). Some specific rotations 
determined (c=5% in dry pyridine) are listed in Table 17. : 


Table 17 

[«]p 
a 
Initial Final 
d-Glucosazone — 84° — 35° 
d-Galactosazone +160° +94° 
1-Rhamnosazone +111° +61° 

Discussion 


In Part 1 of this paper, evidence is adduced that the non-fermentable sugar of normal 
urine is the principal carbon source of Bact. coli in cystitis. In attempts-to isolate this 
sugar, the concentrates obtained contained only a fraction of that originally present. That 
this fraction, however, is representative of the whole is indicated by the experiment 
illustrated by Fig. 4, where the same proportionality as in urine is shown to exist between 
activity as substrate for the dehydrogenases of the organism and copper reduction. 

The extreme lability of the sugar was constantly in evidence and much enhanced the 
difficulties of isolation. This problem does not appear to have confronted other workers 
to so great an extent. 

The colour reactions confirm that the sugar is one of the more labile members of the 
group: it is unwise to draw further conclusions, as much other material was present. The 
negative reaction to the test for uronic acids should, however, be noted. 

The sugar reduces Fehling’s solution rather less readily than fructose, rapid reduction 
being observed at 60° but not at 40°. This probably excludes /-xyloketose, the sugar of 
pentosuria [Levene & LaForge, 1913; 1914], which it was thought might be present in 
normal urine in small amounts, especially in view of Enklewitz & Lasker’s [1935] sugges- 
tion that its precursor in the body is glucuronic acid. These authors state, however, that 
this sugar is characterized by very rapid reduction of Fehling’s solution even at 40°. 
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The evidence of the osazone must be interpreted with caution. Thus, Table 18 gives 
values for the M.P. of galactosazone taken from various sources: 


Table 18. 11.p. of galactosazone 


Author M.P. : Author M.P. 
Schleiber [1884] 170-171° Fischer & Tafel [1887] 196° 
Fischer [1887] 182° Levene & LaForge [1915] 201° 
Tollens [1887] 184~-186° 


It is noteworthy that when Fischer [1888] first prepared mannosazone he failed to 
recognize its identity with glucosazone. Moreover, as two osazones having the same M.P. 
frequently give no depression on mixing, to the difficulty of purifying an osazone is added 
the doubtful validity of M.P. as a criterion of purity, or of mixed-M.P. as a criterion of 
identity. In some cases too confusion has been caused by the recording of polarimeter 
readings, %p as specific rotations [a], [e.g. Micheel, 1939; Levene & LaForge, 1915]. The 
figures for elementary analysis are more reliable when it is certain that the osazone is pure. 
But though on the whole I agree with the conclusion of Everett et al. [1934] who, after 
investigations more extensive than these, including the use of substituted phenyl- 
hydrazines, speak of ‘the failure of osazones to provide an answer to this problem... (of 
the urinary sugar)’, it is probably safe to conclude that the osazone is derived from a 
hexose or closely related compound. 

In trying to narrow the field further, the chemical evidence must be considered in con- 
junction with the results of the growth and dehydrogenase experiments. Thus, the analysis 
of the osazone excludes a pentose. This accords with the negative results of the dehydro- 
genase experiments with xylose and arabinose. If the sugar is a hexose, it is unlikely to be 
a simple aldose on account of its lability. It may be a ketose, though fructose is excluded. 
The analysis of the osazone rules out a desoxy-sugar, and the organism failed to dehydro- 
genate rhamnose. Glucuronic acid and uronides have sometimes been mentioned in 
connection with the problem of the urinary sugar [e.g. Grimbert & Bernier, 1909] but the 
evidence against identity is-considerable, viz. (1) analysis of the osazone; (2) failure to act 
as an active H-donator; (3) negative napthoresorcinol reaction of the concentrates. The 
suggestion that the compound is ascorbic acid, whilst explaining its lability, has the 
following facts against it: (1) The daily excretion, about 1-0 g., is much too high; 
(2) ascorbic acid cannot support growth of the organism; (3) the organism’ cannot de- 
hydrogenate ascorbic acid; (4) the sugar concentrates contained no material reducing 
2 : 6-dichlorophenolindophenol. ; 


SUMMARY 


1. The nutrition of Bact. coli isolated from a cystitis case was investigated, with normal 
urine as medium under anaerobic conditions. 

2. Experiments involving growth of the organism on synthetic media, study of the 
removal of certain substances during anaerobic growth on urine, and investigation of the 
dehydrogenases of the organism, indicated that the main source of carbon during anaerobic 
growth is the non-fermentable sugar of normal urine. 

3. Attempts to isolate this sugar from urine resulted in the preparation of syrups, on 
which certain colour reactions were performed, and from which an osazone was prepared 
giving analytical figures approaching those for a hexosazone. 

4. The nature of the sugar is discussed in the light of both the chemical and bacterio- 
logical evidence, and, though no positive suggestion can be made as to its identity, a con- ° 
siderable number of sugars can be excluded. 
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6. Modified Procedures for the Colorimetric Estimation 
of Arginine and Histidine 


By Herbert Taylor Macpherson, Animal Diseases Research Association, 
Moredun Institute, Gilmerton, Midlothian 


(Received 22 December 1941) 


In the estimation of very small quantities of material there is no question that colori- 
metric is preferable to gravimetric analysis. The colorimetric method is generally quicker 
and simpler to carry out—an important factor when numerous analyses are involved— 
and it is not subject to the manipulative érrors incurred in dealing gravimetrically with 
minute amounts of material. The method, however, must be reliable; it must be Specific, 
sensitive and capable of giving consistent and reproducible results. These conditions are 
not always fulfilled and the colorimetric method is very often neglected in favour of a 
relatively more dependable gravimetric method. Such is the case with the estimation of 
arginine and histidine for, although several colorimetric methods are available, unless 
certain conditions are rigidly observed and considerable experience has been gained, the 
methods are prone to give erroneous results and many workers prefer the more laborious 
gravimetric technique. 

With a view to rendering the colorimetric estimation of arginine and histidine thoroughly 
reliable under less stringent conditions, the modified procedures described in this paper 
are put forward. It is proposed to employ the methods in the analyses of solutions of the 
basic amino-acids obtained by electrodialysis or precipitation with phosphotungstic acid 
or by a combination of both. A subsequent paper will be published in this connection. 


THE ESTIMATION OF ARGININE 


After experimenting with the «-naphthol and acetylbenzoyl methods and noting the 
limitations of both, it was decided that the former was more suitable for modification. 
Arginine in alkaline solution gives a red colour with «-naphthol and an oxidizing agent 
such as hypochlorite [Sakaguchi, 1925]. The method as generally carried out [Weber, 
1930] is, however, unsatisfactory and subject to considerable errors. The reaction is 
complicated by the rapid destruction of colour by excess hypobromite, which is employed 
since it gives a more specific reaction than hypochlorite, and the usual procedure is to add 
urea almost immediately in order to take up the excess hypobromite. This expedient is 
only partially effective for, although formation of the coloured compound is instantaneous, 
destruction by hypobromite also begins immediately, and in the several seconds which 
must elapse during mixing of arginine and reagent and dispersal of urea throughout the 
solution, considerable loss of colour will have occurred, and full colour development will 
not be achieved. Unless the interval before addition of urea, the proportions of hypo- 
bromite and urea and the efficiency of mixing are always identical, it is impossible to ob- 
tain consistent results. Experimentally it is found that there is a certain optimum 
quantity of hypobromite with respect to the arginine which will give a maximum colour 
development. Slight deviations from this optimum will yield much lower results. 
Obviously then, although the time factor may be fairly accurately controlled, it is im- 
possible to assess the optimum amount of hypobromite for a solution in which the 
arginine content is not known. 

The modified procedure given below in which the urea is added before the hypobromite 
and the colour is built up in two stages, ensures (2) maximum and consistent colour 
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development, (b) colours stable for a considerable time, (c) results not affected by reason- 
able deviation from the stated quantities of reagents. 

The last point.is important in the photometric estimation of the colour, since the 
standard curve may have been constructed with a different sample of, say, hypobromite 
from that used in later estimations. 

The quantity of arginine which can be accurately estimated, using the Pulfrich photo- 
meter, depends on the final volume of solution and the stratum thickness employed. In a 
volume of 25 ml. and with a 10 mm. cell, 0-02 + 0-001 mg. can be estimated. With a smaller ° 
final volume and a 20 mm. cell, more minute quantities can be measured. ; 


Procedure 


Reagents required: 10% potassium hydroxide; 
0-1°% a«-naphthol in 50% alcohol; 
40% urea; 
Potassium hypobromite (2 g. bromine in 100 ml. 5% KOH). 


An aliquot of the solution containing 0-04—0-40 mg. arginine is transferred to a standard 
25 ml. flask and the volume made up to about 10 ml., if necessary, with distilled water. 
If the solution is acid add the KOH drop by drop till alkaline to litmus paper and add 1 ml. 
excess. Add 2 ml. «-naphthol, 1 ml. urea, mix thoroughly and cool under the tap. Now add 
1 ml. of the hypobromite solution, swirling the flask to prevent local excess, mix and keep 
2-3 min. to develop the colour. This colour is not the maximum obtainable since the ex- 
cess urea consumes the greater part of the oxidizing agent, but the subsequent repetition 
of the procedure, adding 1 ml. urea followed by 1 ml. hypobromite, gives the maximum 
colour development. Make up to volume with distilled water, mix and stand 10-15 min. 
before reading. 

The colour intensity is measured by means of the extinction coefficient, using the 
Pulfrich photometer, filter $53 and a 10 mm. (or 20 mm.) cell, with distilled water in the 
compensating cell. The arginine present can then be read off from the standard curve. 

The photometer is preferable to the colorimeter. It is more convenient, since standards 
do not have to be set up for each lot of estimations, and as the colour does not obey Beer’s 
Law, the colorimeter is not so accurate unless standard and unknown are very near one 
another. 

Standard arginine curve 


Standard solution prepared from B.D.H. arginine, free from nitrate; nitrogen content 
checked by micro-Kjeldahl estimation. : 


Arginine (mg.) 0-000 0-031 0-062 0-155 0-310 0-465 
E yom. (k) 0-095 0-180 0-265 0-525 0-930 1-270 
Critical examination of the method 
(1) Urea and hypobromite necessary to give maximum colour. 


No. of additions of 


urea and hypobromite Arginine 

(1 ml. each) mg. Bee 
0-000 0-070 

1 0-127 0-300 

0-490 0-700 

0-000 0-095 

2 0-127 0-455 

0-490 1-320 

0-000 0-095 

3 0-127 0-455 


0-490 1-310 
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It can thus be seen that whilst one addition of urea and hypobromite is not sufficient 
to give maximum colour development, there is no increase in colour intensity on a third 
addition of reagent. 

(2) The effect of temperature. Two portions of solution each containing the same 
amount of arginine were set up. In one, colour development was carried out at 10° and 
in the other at 20°. The resulting extinction coefficient was found to be the same for both 
solutions, so that variations in the normal room témperature will not cause any discre- 
pancy in the results. 

(3) Effect of traces of organic solvents. In the solution of bases obtained by decom- 
posing the phosphotungstate precipitate with acidified water and amyl alcohol-ether, 
there are traces of the organic solvents. It was found that the addition of a little amyl 
alcohol-ether made no difference to the extinction coefficient. 

(4) Effect of varying quantities of reagents. No significant difference in colour intensity 
was occasioned by reasonable deviation from the stated amounts of reagents. The quantity 
of hypobromite for instance may differ by 10% or more without affecting the result. 

(5) Interference from histidine or lysine. The estimation of arginine was found to be * 
unaffected by the presence of an equal quantity of histidine and by even larger quantities 
of lysine. 

(6) Stability of potassium hypobromite. Potassium hypobromite is only stable when 
kept in stoppered bottles in a cool dark place. A sample which is used daily in the 
laboratory gradually loses its properties and fresh hypobromite should either be prepared 
frequently or fresh portions should be taken from a stock solution kept in the cold. 


THE ESTIMATION OF HISTIDINE 


The colorimetric methods for the estimation of histidine are open to the same objections 
as the methods for arginine. In the bromine-ammonium carbonate method [Kapeller- 
Adler, 1933], for example, the quantity of bromine added must be controlled most pre- 
cisely ; too much or too little, within very narrow limits, will give low results; the colour 
is not stable. In the estimation by diazotized sulphanilic acid [Hanke & Koessler, 1920; 
Hanke, 1925; Jorpes, 1932], the colour fades rapidly and in addition to the inconvenience 
of treating numerous samples in an ice-bath, considerable fluctuation of colour intensity 
results from slight differences in the alkalinity of the solution. 

After extensive experiments on the various methods, that employing sulphanilic acid 
and sodium nitrite was selected for improvement. Three modifications were introduced. 

(1) The reaction between histidine, sulphanilic acid and sodium nitrite is carried out at 
room temperature (15-20°) instead of at 0°. 

(2) Sodium hydroxide is replaced by sodium carbonate ; whilst a larger quantity of this 
is required equal colour development can be obtained with much greater permissible 
variation in the amount of alkali present. 

This is not actually a modification, since carbonate is generally employed, but it has 
been suggested [Yokoyama, 1936] that hydroxide is preferable. This was not found to be 
the case and it is to the use of hydroxide that the observation above on the fluctuation of 
colour with alkalinity applies. 

(3) After making alkaline, it is found that the colour can be rendered stable for a con- 
siderable time by the addition of alcohol. The alcohol is generally made slightly alkaline 
as a safeguard against the tendency of alcohol to discharge the colour when the solution 


is only just alkaline. 
vane Procedure 


Reagents required: 1°% sulphanilie acid in 10% HCl; 
5% sodium nitrite; 
20% sodium carbonate ; 
75 % alcohol containing 1 ml. 20% Na,CO,/100 ml. 
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The solution to be analysed should be made just acid to litmus, adding 10% HCl drop 
by drop. Since an almost neutral solution is also employed in the arginine estimation, 
it is convenient to adjust the reaction of the whole solution of the bases before making 
up to volume. 

An aliquot of the solution (to 10 ml.) containing 0-01-0-20 mg. histidine is transferred 
to a standard 25 ml. flask or graduated cylinder. 1 ml. sulphanilic acid followed by 1 ml. 
sodium nitrite are added and the solution mixed. After 30 min. at room temperature 
3 ml. sodium carbonate solution are added. Mix thoroughly and add 10 ml. alcohol, mix 
and cool under the tap before making exactly to volume with distilled water. 

Read in the photometer using filter $53 and a 10 mm. (or 20 mm.) cell with distilled 
water in the compensating cell. The histidine present is then read off from the standard 
curve. 

Since the colour obeys Beer’s Law, it is equally. suitable for measurement in a colori- 
meter. 
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Note. If the solution under examination is a solution of the bases obtained by decomposing the phospho- 
tungstate precipitate by means of acidified water and amy] alcohol-ether, then there may be sufficient organic 
_solvent present to give a turbidity on the addition of sodium nitrite due to precipitation of the diazonium 
, compound. Whilst this turbidity does not appear to affect the final result, a larger proportion of alcohol is 
sometimes necessary to clear the final solution, so that, to keep within 25 ml. the aliquot of solution taken 
may have to be reduced. It is recommended that the bulk of the alcohol and ether be removed by boiling 
the neutral solution of the bases for a few minutes before making up to volume. 


Standard histidine curve 


Standard histidine solution prepared from B.D.H. histidine monohydrochloride, nitrogen 
content checked by micro-Kjeldahl. 


Histidine (mg.) 0-0000 0-01845 0-0396 0-0738 0-1107 0-1845 
tee 0-010 0-125 0-230 0-455 0-675 1-110 


Critical examination of the method 


(1) Reasonable variation in the alkali and alcohol added, more particularly if added in 
excess, does not affect the results. A very considerable reduction in either gives somewhat 
lower results. , 

(2) Effect of temperature. Normally, a diazotization is carried out at 0° or only slightly 
above 0° in order to prevent formation of a phenol. In the estimation of histidine, estima- 
tions were carried out at temperatures ranging from 0° to about 80°. Results were only 
low when a fairly high temperature was reached, and no change was observed between 0° 
and 20°, so that either there is no phenol formation at room temperatures or it is so incon- 
siderable as not to lower the results. In support of this, it is noted that the colour 
intensity is slightly increased by keeping at room temperature (15-18°) up to 30 min. 
before making alkaline. 

(3) Interference from arginine and lysine. Comparatively large amounts of arginine 
(up to at least 20 times the amount of histidine) do not affect the results. Similar amounts 
of lysine have no effect; greater amounts appear to reduce the extinction coefficient 
slightly. 


SUMMARY 





Modified procedures are suggested for the colorimetric estimation of arginine and histidine. 
The procedures are based on the «-naphthol and diazotized sulphanilic acid methods 
respectively. 

The modifications ensure (a) consistent colour development without the necessity for 
stringent precautions in the addition of reagents, (b) colours stable for a considerable 


time, (c) minimum interference from other bases. 
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The methods have been thoroughly tested under varying conditions and yield accurate 
results. 


The author wishes to express his thanks to Dr J. Russell Greig and Dr James Stewart 


of this Institute and to Prof. A. C. Chibnall for their interest in this work, also to the 
Agricultural Research Council for a whole-time grant. 
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7. The Oxidation of Amines by Bacteria 
By Ernest Frederick Gale,* From the Biochemical Laboratory, Cambridge 
(Received 19 December 1941) 


The conditions under which various amines are produced by bacteria, and the properties 
of the amino-acid decarboxylases involved have been studied in a series of papers by Gale 
[1940; 1941]. In these studies the production of histamine by Bact. coli, Cl. welchii and 
Cl. bifermentans, of tyramine by S. faecalis and Cl. aerofoetidum,-of putrescine by Bact. coli, 
Pr. vulgaris and Cl. septicum, of cadaverine by Bact. coli and Bact. friedliénderi, and of 
agmatine by Bact. coli have been reported; in addition, Arai [1921] has reported the 
production of tsoamylamine from leucine by Bact. proteus and B. subtilis, and Berthelot & 
Bertrand [1912] the decarboxylation of tryptophan to tryptamine by B. aminophilus 
intestinalis. The amino-acid decarboxylases are only formed when the organisms are grown 
under acid conditions and are-active at acid pH values, the optimum activity-pH falling 
below pH 5 in all cases studied. Any attempt to assess the significance of the bacterial 
production of amines must also take into account any further breakdown of these sub- 
stances by the organisms in question, and the present communication deals with the 
oxidative breakdown of certain amines by selected facultative anaerobes. Den Dooren de 
Jong [1926] found that few organisms are able to utilize amines as sources of carbon for 
growth, but that some amines can be utilized as a source of nitrogen in a medium con- 
taining NH,-free salts and glucose by organisms such as Myobact. phlei, Bact: coli, Bact. 
aerogenes, Bact. herbicola etc. 

Animal tissues contain two enzymes responsible for the oxidation of amines: the amine 
oxidase which is specific for monoamines and is active in the presence of semicarbazide, 
~ splitting off NH, from the amine with the uptakeeof 1 atom of oxygen per molecule to 
form the corresponding aldehyde [Pugh & Quastel, 1937; Richter, 1937; Kohn, 1937]; 
and the diamine oxidase which is specific for diamines, splitting off NH, and taking up 
oxygen. The diamine oxidase is inhibited by semicarbazide and other carbony]-fixatives 
so that the primary product of the oxidation cannot be easily identified but is presumed 
to be the corresponding aldehyde [Best & McHenry, 1930; Edlbacher & Zeller, 1937; 
Zeller, 1938]. ’ : 

Methods and organisms used 


Organisms. The strains of Ps. pyocyanea were freshly isolated from faeces and given 
to me by Dr H. L. Carruthers of the E.P.H.L.S.; they were all good pyocyanine producers, 
but when tested under the usual experimental conditions [Gale, 1940] did not possess the 
power to decarboxylate amino-acids with the formation of amines. Most of the other 
organisms have been mentioned and histories given in previous papers. The organisms 
were grown overnight at 37° on the surface of agar containing tryptic digest of casein 
and such other additions as are outlined below. In the morning they were harvested, 
centrifuged, washed (100 ml. water to 100 mg. organism) and made up into washed 
suspension in distilled water. The strength of the suspension was determined by use of a 
photoelectric turbidimeter previously calibrated for the organisms concerned. 

Oxygen uptake. The O, consumption of the washed suspensions was followed in 
Warburg manometers shaken in a bath at 30°. Manometer cup contents: 1 ml. washed 
suspension; 1-5 ml. M/15 phosphate buffer pH 7-5; 0-5 ml. M/50 amine solution (side 
bulb) or water in controls; 0-2 ml. 10% NaOH in centre cup. All amine solutions were 
prepared from the products of Hoffmann la Roche with the exception of tyramine where 
the products of British Drug Houses and Burroughs Wellcome Ltd. were also tested. 

* Beit Memorial Fellow and Fellow of St John’s College, Cambridge. 
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CO, production. This was also estimated manometrically. As the oxidative break- 
down of some of the amines may involve NH, and acid formation combined with an O, 
uptake, the usual method employing bicarbonate buffer with an O,-CO, gas mixture can 
only be used as a check, and the actual CO, production must be estimated by the indirect 
‘acid-tip’ method described by Woods & Clifton [1937]. 

NH, formation. In the case of non-volatile amines, NH, formation was estimated 
by withdrewsl of 1 ml. from the Warburg cup, distilintion in Conway vessels and 
nesslerization. No NH, has been obtained from volatile amines. 

Amine estimations. "Alielietie amines were estimated by the method of Van Slyke 
[1929], tyramine and histamine by the colorimetric methods of Koessler & Hanke [1919; 
1922], and aromatic amines by a diazotization method: the nitrous-acid-sulphanilic-acid 
reagent was prepared as before and 2 ml. added to standard solutions of amine made up 
in 5 ml. 5% NaHCO,. A colour which can be used for estimation purposes develops on 
standing in the cases of aniline and of «- and 8-naphthylamine; satisfactory standards are 
obtained in most cases with a range of 100-500yug. amine. 


Preliminary investigations 


At first the O, consumption of thick washed suspensions (10-15 mg./ml.) of Bact. coli and 
Ps. pyocyanea in the presence of various amines was studied. It became apparent that in 
the case of Ps. pyocyanea, which has a high ‘blank’ O, consumption of the order Qo, 
=10-15, that all the amines tested gave rise to an increased rate of O, uptake when first 
added to the washed suspension. This increased O, consumption appears to have two 
causes, depending on the amine concerned, as the substrates fell into two groups: group A 
in which the O, consumption is strictly proportional to the amount of amine added, and 
group B in which the increase in O, uptake induced by the addition of the amine is not 
constant and not proportional to the amount of substrate. In the case of Ps. pyocyanea 
the groups have the following composition: 

Group A: tyramine, histamine, putrescine, cadaverine, agmatine and benzylamine. 

Group B: ethylamine, isoamylamine, phenylethylamine, tryptamine, aniline, «- and 
B-naphthylamine. 

Other organisms show the same effects except that the group B effect is less marked in 
most other cases as its magnitude appears to be correlated with the ‘blank respiration” 
and is most marked with freshly isolated strains. Some amines falling into group A with 
Ps. pyocyanea come into group B with other organisms. It is shown below that the sub- 
strates classed in Group A undergo a true oxidative degradation, whereas it is probable 
that the action of those in group B is to catalyse the oxidation of some unidentified 
substance whose oxidation constitutes part of the ‘blank respiration’. 


Rates of oxidation of amines by various organisms 


Table 1 gives the Qo, values (=p. O, taken up due to substrate oxidation/hr. /mg. dry- 
weight bacteria) obtained with various amines on addition to washed suspensions of 
certain facultative anaerobes. The Qo, figures are only given in cases where a true oxi- 
dative degradation is obtained, group B effects being omitted. The organisms were grown 
in every case on the surface of agar containing tryptic digest of casein with the addition 
of M/500 tyramine and M/500 histamine for reasons explained below. 

From Table 1 the following facts appear: (1) the power to oxidize amines is limited in 
distribution, and in few cases is the oxidation carried out at any significant rate compared 
with the rates at which amines can be produced by bacteria (Fig. 2); (2) none of the 
selected organisms can oxidize monoamines other than tyramine; it will be shown below 
that this is not due to a need for substrate adaptation; (3) of the organisms tested, Ps. 
pyocyanea has the widest range of oxidative attack towards amines. 
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Table 1. Oxidation of amines by bacteria 


Washed suspensions, prepared from organisms grown on tryptic-digest agar +M//500 tyramine +M/500 
histamine, shaken at 30° with 0-5 ml. M/50 amine in presence of phosphate buffer pH 7-5. Activities ex- 
pressed as Qo, (substrate). 


iso- Phenyl- 
Tyr- Hist- Putres- Cada- Agma- Ethyl- Amyl-_ ethyl- 











Organism Strain amine amine cine  verine tine amine amine amine Aniline 
Ps. pyocyanea A 17 17 23 12 10 — — —_ —_ 
Ps. pyocyanea 268 21 4 9 5 1l ats 2 a ve 
Ps. pyocyanea 265 17 5 12 7 ll — —— — — 
Bact. coli Esch. 83 — — aad — eon a oe = 
Bact. coli 216 — — = ea = poe arr Se se 
Bact. coli 217 — — ee eae — pee rie see ue 
Bact. coli Stock — — 7 6 1 — ee a5 Je 
Bact. coli Sheff. -= -= ? 1l 1 — — cote a 
Bact. coli 88 — — 10 + Sa a ea fate a2 
Pr. vulgaris 882 saad 
Pr. morganii Carr. — — 10 12 2 — aa ss ae 
Paracolon AO 32 
Staph. aureus I — _— ne 12 ay Se, ae rs — 


Other amines giving negative results throughout are «- and B-naphthylamines. 


Experimental conditions: Group A oxidations 


pH-activity curves. Fig. 1 shows the variation of Qo, with reaction pH for the oxidation 
of various amines by Ps. pyocyanea and the paracolon organism. The estimations were 
carried out with suspensions of suitable strength and 0-5 ml. M/50 amine: as the oxidation 


+ Oxidation of amines 
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Fig. 1. Variation of activity (Qo,) with reaction pH; oxidation of amines by Ps. pyocyanea and Paracolon AO. 


1, tyramine (AO). 2, histamine (pyo.). 3, putresctne (pyo.). 4, cadaverine (pyo.). 5, agmatine (pyo.). 


Fig. 2. Effect of pH on formation and oxidation of amines. 


mre 


Amino-acid decarboxylase activities (Qo,) Amine oxidation (Qo,) 
a—a Arginine decarboxylase (Bact. coli Esch.) la. o--s Agmatine oxidation (Ps. pyocyanea) 
e—e Tyrosine decarboxylase (S. faecalis) 2a. 0O--o Tyramine oxidation (Bact. coli. Esch.) 
x—x Histidine decarboxylase (Bact. coli Esch.) 3a. x--x Histamine oxidation (Ps. pyocanea) 


a—sx Ornithine decarboxylase (Bact. coli Esch.) 4a. o--oO Putrescine oxidation (B. pyocyanea) 


exceeds that corresponding to the uptake of 1 atom oxygen and the elimination of 1 mol. 
NH,, the rates quoted do not represent the rate of any one enzyme system. The optimum 


pH falls in every case on the alkaline side of neutrality, the activities falling off rapidly on 
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the acid side. Fig. 2 shows the formation and destruction of amines by various organisms 
and the variation of these activities with reaction pH. It can be seen that the conditions 
suitable for optimum amine formation are those in which negligible amine destruction 
occurs and vice versa. 

Growth conditions. Table 2 shows the Qo, values obtained with tyramine, histamine, 
putrescine, cadaverine and agmatine for washed suspensions of Ps. pyocyanea and Bact. 
coli Esch. which have been grown in the presence of the various amines as substrate. In 
the case of Ps. pyocyanea the enzymes responsible for the oxidation of putrescine, cada- 
verine and agmatine are constitutive in the sense used by Karstrém [1938], while those 
involved in the initial oxidation of tyramine and histamine appear to be adaptive. Bact. 
coli Esch. does not possess the enzymes necessary for the degradation of histamine, 
putrescine, cadaverine or agmatine whether it is grown in the presence of these substances 
or not. Neither organism can be made to attack ethylamine or isoamylamine by inclusion 
of these amines in high concentration (1%) in the growth medium. The case of tyramine 
involves a special type of adaptation discussed below. 


Table 2. Effect of growth substrate conditions wpon oxidation of 
amines by Ps. pyocyanea and Bact. coli Esch. 


Qo, Values estimated at 30° and pH 7-5. Broth=tryptic digest of casein. " 
iso- 


Tyr- Hist- Putres- Cada- Agma- Ethyl- Amyl- 


Organism and growth medium amine amine cine verine tine amine amine 

Ps. pyocyanea 

Stephenson’s inorganic medium 1% (—) _ 22 12 5 -- _ 

lactate 

Broth-agar (—) _- 23 10 10 — -— 

Broth-agar + .M/500 tyramine 17 _— 25 12 9 _— — 

Broth-agar + M/500 histamine (i) 17 20 15 7 — — 

Broth-agar +M/500 putrescine (—) _ 22 10 17 — ~ 

Broth-agar + M/500 cadaverine (—) -= 21 11 15 — — 

Broth-agar + _M/500 isoamylamine (—) — — _— 

Broth-agar + 1% isoamylamine (—) -— _ — 

Broth-agar +M/500 phenylethylamine (—) -- _ _ 
Bact. coli Esch. 

Broth-agar (— =< es ss = a i 

Broth-agar + .M/500 tyramine 83 — _— _ _ — — 

Broth-agar + _M/500 histamine (—) — — _— _ — —_ 


Broth-agar + M/500 putrescine, cada- (—) 
verine, agmatine, ethylamine etc. 

{1% ethylamine 

(1% isoamylamine 


r 
| 
| 
| 
| 
| 


Broth-agar + 


Table 3. Effect of growth conditions on oxidation of tyramine by 
Bact. coli Esch. grown in presence of M/500 tyramine 


Activities expressed as Qo, (tyramine) at 30° and pH 7-5. 


Growth conditions Initial Qo, Growth conditions Initial Qo, 
Surface of broth-agar 75 Broth adjusted to: pH 5-2 in flask 75 
Broth adjusted to: pH 8-5 in flask 132 pH 4-7 in flask 9 
pH 7-4 in flask 108 pH 7-4 strictly anaerobic 6 
pH 6-0 in flask 94 Broth +2% glucose (final pH =5-2) 6 


Other growth conditions have been investigated in the case of Bact. coli Esch. grown in the 
presence of M/500 tyramine. Table 3 shows that the enzymes involved in tyramine oxida- 
tion are formed as well during growth in broth in a flask as on the surface of broth-agar 
but that strictly anaerobic growth conditions inhibit the formation of the enzymes 
necessary for the immediate oxidation of tyramine, although,.as is shown below, the 
organism still possesses the power to attack this amine. The enzymes are formed best 


under alkaline or neutral growth conditions, but a growth pH of less than 5-0 is necessary 
5-2 
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to cause marked inhibition of their formation. Growth in 2% giucose-broth results in 
organisms having little activity, which effect is probably accounted for by the anaero- 
biosis produced by fermentation gas combined with the low pH produced by fermentation 
acids, 

Fig. 3 shows the course of the oxidation of tyramine by washed suspensions of Ps. 
pyocyanea grown on the surface of agar with (curve 2) and without (curve 3) the addition 
of M/500 tyramine, and by Bact. coli Esch. grown aerobically (curve 1) and anaerobically 
(curve 4) in the presence of tyramine. When the organism is grown aerobically in the 


320 









Hours 





Fig. 3. Oxidation of tyramine by Ps. pyocyanea (e—e) and Bact. coli Esch. (o—o). 1 and 2, organism grown 
on surface of broth-agar + M/500 tyramine. 3, 5, 6, organism grown on surface of broth-agar without 
tyramine, 4, organism grown anaerobically in broth + //500 tyramine. ; 







Substrate concentration =2 pM. in 1, 2, 3 and 4; 6 uM. in 5; 10 uM. in 6. 
Dry weight of bacteria = 10-12 mg. in all cases. 






presence of tyramine then oxidation begins as soon as the substrate is added to the washed 
suspension (curves 1, 2) and the oxidation continues until 13-14 atoms oxygen have been 
taken up. If the organism is grown aerobically in the absence of tyramine, it can still 
attack this amine but oxidation does not start until some time after the addition of 
tyramine to the suspension; the time elapsing before the oxidation starts is proportional 
to the amount of substrate added. Thus when 0-1 ml. M/50 tyramine is added, oxidation 
starts after approx. | hr. (curve 3); after approx. 3 hr. when 0-3 ml. is added (curve 5), 
while 0-5 ml. delays the onset of oxidation for nearly 4 hr. In these cases the oxidation 
ceases at an O, uptake corresponding to 10-12 atoms per molecule tyramine. When Bact. 
coli Esch. is grown anaerobically in the presence of tyramine, then the course of the O, 
consumption is apparently similar to that obtained with the organism grown aerobically 
in the absence of tyramine (curve 4). 

A similar latent period was found by Willstatter et al. [1927] when working on the 
hydrolysis of ethyl mandelate by liver esterase; this was shown to be due to the presence 
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of traces of benzoylformic ester in the substrate, the impurity having 5000 times the 
affinity for the enzyme that mandelate has but a low velocity of breakdown [Baumann & 
Schmeller, 1930]. Thus the enzyme was not free to attack the ethyl mandelate until the 
impurity was hydrolysed. 

The latent period displayed in the oxidation of tyramine by the unadapted organism 
has been investigated as follows: solutions were tested that had been made from tyramine 
hydrochloride of B.D.H. Analar and of Hoffmann la Roche; from tyramine acid phosphate 
of Burroughs Wellcome Ltd.; from recrystallized tyramine acid phosphate; and from 
tyramine prepared by the decarboxylation of recrystallized tyrosine with washed suspen- 
sions of S. faecalis, isolated as dibenzoyltyramine [Gale, 1940], hydrolysed and thrown 
out of dry ethereal solution as the hydrochloride. The oxidation started after a latent 
period of the same order of time in all cases for a given amount of substrate. The addition 
of small amounts of tyrosine does not increase the length of the latent period. The addi- 
tion of acid immediately the latent period is over shows that no significant NH, formation 
has occurred and that the greater part, at least 70%, of the tyramine appears to be un- 
attacked. The addition of further amounts of tyramine once the oxidation of the initial 
substrate is under way does not alter the course of the oxidation which continues un- 
checked until the whole of the added substrate has been oxidized. The latent period must 
thus remain unexplained for the present. 

It would appear that the organisms can attack tyramine in at least two ways: the 
enzyme responsible for the immediate initial oxidative attack, under the experimental 
conditions described, being formed only when the organism is grown in the presence of 
both the specific substrate and oxygen. The organism so ‘adapted’ to attack tyramine is 
unable to attack phenylethylamine and the presence of this latter substance in the growth 
medium does not bring about the adaptation to tyramine. It is shown below that if the 
adapted organism oxidizes tyramine in the presence of semicarbazide, then p-hydroxy- 
phenylacetaldehyde can be isolated from the reaction products; this is not the case with 
the non-adapted organism as the presence 
of semicarbazide inhibits the occurrence of = 70 
oxidation in this case. 60 

From the facis established so far it 
appears that the organisms studied have 
not the power to attack amines possessing 
a single active chemical grouping in the 
molecule. Thus the monoamines are un- ~ ,, 
attacked unless they possess some active 
group other than the —NH,, such as the 
—OH in tyramine, the —NH in histamine e 
or the para-H in benzylamine, while the 
diamines are attacked by several organisms. 

Temperature. Fig. 4 shows the variation Fig. 4. Variation of oxidation activity (Qo,) with 

° dwg : temperature: Ps. pyocyanea. 1, tyramine: temp. 
with temperature of initial Qo, for various (og Ge 50. 2 petscciee, 0-45. 9, equatine, 
amines using washed suspensions of Ps. 0=3-2. 4, cadaverine, 9=3-8. 5, histamine, @=3-7. 
pyocyanea. The experimental temperature 
adopted was 30° so that the activity figures could be compared with those formerly 
determined for amino-acid decarboxylases. The temperature coefficients (@) for a rise of 
temperature from 25 to 35° are given below the figure; the activities of the enzymes 
studied fall off at temperatures above 40°. 





50 


Initial Qo, 


Temp. ° C. 


Course of the oxidative breakdown of amines 


Fig. 5 shows the course of the O, uptake (blank O, consumption subtracted in all cases) 
in the presence of various amines with washed suspensions of Ps. pyocyanea. The organ- 
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Fig. 5. Oxidation of amines (2 ~M) by washed suspensions of Ps. pyocyanea at 30° and pH 7-5. 
1, cadaverine. 2, putrescine. 3, agmatine. 4, histamine. 5, benzylamine. 


Table 4. Action of washed suspensions of Ps. pyocyanea on amines : 
O, consumption, CO, and NH, formation 


Dry weight of organism =10-15 mg./m]. washed suspension. Amount of substrate=0-l[ml. 1/50 amine 
(neutral) in all cases. Temperature=30°. Experimental pH 7:5 or 8-0, 1 atom oxygen=22-4yl. 
1 mol. CO,=44-8yl. 1 mol. NH,;=28yg. 








O, uptake CO, formation NH; formation 
F = : > c ; + / a 
Substrate pl. Atoms pl. mol. pg. mol. 
Putrescine 258 11-5 160 3-6 61 2-2 
247 11-0 171 3-8 63 2-2 
Cadaverine 331 14-8 241 ° 54 66 2-4 
322 14-4 222 4-9 57 2-0 
Agmatine 254 11-3 220 4-9 105 3-8 
235 10-5 212 4-75 89 3-2 
Benzylamine 389 17-4 323 7:2 25 0-9 
378 17-0 316 7-05 27 1-0 
Histamine 159 7-0 175 3-9 41 1-5 
195 8-75 230 5-1 42 1-5 
173 7:7 173 3-9 41 1-5 
135 6-5 149 3-3 44 1-6 
Tyramine: 295 13-2 229 5-0 19 0-7 
Adapted 291 13-1 240 53 17 0-6 
332 14-8 254 5-6 23 0-8 
290 13-0 223 5-0 21 0-75 
Non-adapted 271 12-1 183 4-1 13 0-47 
259 11-6 167 3-7 10 0-34 
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isms were grown on the surface of broth-agar with the addition of M/500 substrate in the 
case of tyramine, histamine and benzylamine oxidation. 

Table 4 shows representative results of analysis of the oxidation: the amount of CO, 
formed and of NH, liberated. The amount of substrate used in each case corresponded to 
0-1 ml. M/50 amine solution so that the complete oxidation could be followed mano- 
metrically. The oxidation of putrescine, cadaverine, agmatine and benzylamine appears 
to be complete so that the breakdown of these molecules corresponds to the equations: 


(1) C,H,,N,+5-5 O,=2NH,+4CO,+3H,0, 
(2) C;H,,N,+70,=2NH,+5CO,+4H,0, 
(3) C;H,,N,+5-5 O, =4NH,+5CO, + H,O, 
(4) C,H,N +8-5 O,=NH,+7C0,+3H,0. 


The oxidation of benzylamine is very slow (Qo,=3-5) but the oxidation of the other 
substrates proceeds fairly rapidly until 60-70% of the total O, consumption has been 
taken up when the rate falls to a low value which is maintained until completion. 

The oxidation of tyramine and histamine is not complete. The variation of the O, con- 
sumption obtained for tyramine with the growth conditions has been discussed above. 
The adapted organism oxidizes tyramine with the uptake of 13-14 atoms of oxygen per 
molecule, the formation of some NH, and 5 mol. of CO,. The NH, formation is not 
theoretical but always amounts to 60-70% of the original amino-N. Estimation of 
residual tyramine shows that this is insignificant so that the oxidation breaks down the 
whole of the tyramine with the production of NH;, CO, and unidentified products. 
Investigation of the deproteinized solution obtained at the completion of oxidation shows 
that the molecule has lost its phenolic and ring structure (Millon and xanthoproteic tests 
negative) and will not give an insoluble product on benzoylation. Clifton [1937] has shown 
that the oxidation of many substrates by bacteria ceases at 60-70% completion, the 
remainder of the substrate being assimilated by the cells, and that this ‘oxidative 
assimilation’ can be inhibited by suitable concentrations of azide or dinitrophenol. The 
effect of varying concentrations of these inhibitors was tested; M/3000 dinitrophenol 
appeared to increase the O, uptake slightly in the presence of tyramine and histamine so 
that the number of oxygen atoms taken up per molecule substrate was increased to 15 
and 9 respectively. Azide was without effect. Thus it is probable that the incomplete 
oxidation is due to the formation of non-oxidizable products rather than to ‘oxidative 
assimilation’ and this hypothesis is supported by the abrupt nature of the cessation of O, 
consumption as shown in Figs. 3 and 5 for these two substrates. The course of the oxida- 
tion of tyramine appears to be the same for Bact. coli Esch., Paracolon AO and Ps. 
pyocyanea. It is shown below that if the oxidation is carried out in the presence of semi- 
carbazide, then a small yield of p-hydroxyphenylacetaldehyde is formed from tyramine. 

The oxidation of histamine by Ps. pyocyanea is also incomplete and again the NH, 
formation accounts for only 50%, of the total available N of the histamine molecule. 
Treatment of the resulting solution with diazobenzenesulphonic acid fails to give 
the colour usually associated with iminazole compounds; benzoylation fails to give an 
insoluble product and no precipitate is formed on the addition of 2 : 4-dinitrophenyl- 
hydrazine. 

Action of cyanide and semicarbazide (Table 5). The oxidation of putrescine, cadaverine, 
agmatine and histamine by Ps. pyocyanea is completely inhibited by M/100 semicarbazide 
or M/10,000 cyanide; M/1000 semicarbazide inhibits the rate of oxidation some 90%. 
The diamine oxidase of animal tissues is completely inhibited by semicarbazide and other 
carbonyl-fixatives so that it is suggested [Zeller, 1938] that the active group of the 
enzyme is of ketonic structure. 

The oxidation of tyramine by Bact. coli Esch. is completely inhibited by M/100 CN, 
66 % inhibited by M/1000 CN and 5 % by 10-4 M CN. Semicarbazide is less effective as an 
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Table 5. Actions of semicarbazide and cyanide on amine oxidation 
Activities expressed as Qo, at 30° and pH 7:5. 
Semicarbazide Cyanide 

rs 2 al ges i ay 
Substrate Organism Control M/10 -M/100 M/100 M/10® M/10* 
Putrescine Ps. pyocyanea 23 0 0 0 0 0 
Cadaverine 12 0 0 0 0 0 
Agmatine 10 0 0 0 0 0 
Histamine 17 0 0 0 0 0 
Tyramine Paracolon AO 32 12 23 0 11 30 


inhibitor in this case as M/10 causes 60 % inhibition while 7/100 has only 25 % inhibitory 
action. The O, consumption in the presence of M/10 semicarbazide is decreased and 
amounts to 7-9 atoms oxygen per mol. tyramine compared with 13-14 atoms taken up 
in the uninhibited control. If the organisms are removed from the resulting solution and 
2:4-dinitrophenylhydrazine added, a turbidity is obtained. This has been worked up on 
a larger scale as follows. 

20 ml. //50 tyramine, 40 ml. washed suspension of Bact. coli Esch., 10 mg./ml. (grown 
in presence of M/500 tyramine), 40 ml. M/15 phosphate buffer, pH 7-5 and 20 ml. 0-6 M 
semicarbazide were shaken aerobically at 30° until a manometric control experiment 
indicated that oxidation was complete. The organism was then removed by centrifuging 
and filtration through a Seitz filter. HCl was added to the filtrate to a concentration of 
2N and the theoretical quantity of 2:4-dinitrophenylhydrazine (0-5°% solution in 2.N 
HCl) added. A turbidity formed which on standing overnight settled to an amorphous 
precipitate. This was filtered off and recrystallized twice from ethyl acetate and ligroin 
[Clift & Cook, 1932]. Yield 9 mg. m.P. 182-4°. Analysis (Weiler): C, 53-0;.H, 4-46; 
N, 17-75%. p-Hydroxyphenylacetaldehyde 2:4-dinitrophenylhydrazone requires C, 
53-2; H, 3-8; N, 17-7%. 

Thus in the presence of high concentrations of semicarbazide some of the tyramine is 
oxidized to the corresponding aldehyde. Since the yield corresponds to only 6-10 % of 
the initial tyramine and the O, consumption is not greatly reduced by the presence of the 
semicarbazide, it follows either that the formation of the aldehyde is a side reaction pro- 
duced by the presence of semicarbazide or that this substance is not an efficient aldehyde- 
fixative under the experimental conditions employed. Similar results are obtained with 
Ps. pyocyanea and Paracolon AO. 


Action of amines in group B 


All amines tried produce an accelerated O, consumption when added to washed suspen- 
sions of Ps. pyocyanea etc. In some cases this is due to oxidative degradation of the 
amine as described above; in other cases the effect has the following characteristics. 

(1) If the O, uptake is followed until the rate in the presence of amine has fallen to that 
of the control without added substrate and the increased O, consumption then calculated 
in the usual way, it is found that this increase in O, consumption, though increasing 
slightly with substrate concentration, is not proportional to the amount of amine added. 
This is shown in Table 6 for selected results with ethylamine, isoamylamine, aniline and 
naphthylamine. ‘ 

(2) The amount of this increase in O, consumption is not constant for any given 
amount of amine but varies markedly from time to time, being greatest when the 
organism used is freshly isolated and then slowly falling off until an organism which has 
been kept for some months on artificial medium no longer gives this effect. Thus a freshly 
isolated strain of Ps. pyocyanea shaken with 0-5 ml. M/50 isoamylamine or aniline will 
give an increased O, uptake of 120-140yl.; after a few weeks’ subcultivation in tryptic 
digest of casein a similar experiment gives an uptake of 50-60,1., and after 12 months the 
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uptake is insignificant. The figures during this period are so varied that no mean value 
can be calculated. 

At first it was thought that this increased O, uptake was due to oxidation of the amine 
and various possibilities were investigated ; as all these proved negative they will only be 
outlined here. 

(1) No evidence could be obtained for the liberation of NH, from ethylamine, iso- 
amylamine, phenylethylamine, aniline or naphthylamine and all the usual tests for the 
formation of aldehydes were completely negative. 

(2) No evidence for the production of the corresponding hydroxylamine derivatives 
could be obtained [Bamberger, 1899; Pucher & Day, 1926]. 


Table 6. Effect of addition of certain amines to washed suspensions 
of Ps. pyocyanea at 30° and pH 7-5 


Gas changes calculated from zero to that time when rate of O, consumption in experimental manometer =rate 
in control without amine. All gas changes vary over a wide range: the following figures being selected cases only. 








Ethyl- iso- B-Naphthyl- a-Naphthyl- 
amine Amylamine Aniline amine amine 
Cone. M/100 03 0-2 0-3 0-2 0-3 0-2 0-3 0-2 007 03 0-07 
Apparent O, uptake wl. 111 86 73 «65 78 34 152 129 100 107 122 
Mol. O, 0-5 0-6 0-35 0-5 0-35 0-25 0-7 0-95 2-25 0-45 2-5 
CO, output pl. 55 46 32 34 42 23 136 — 104 101 92 
Mol. CO, 0-25 0-3 0-18 0-25 02 0-2 03 — 23 0-54 2-1 
Amino-N (yg./ml.): 
Initial 42 28 42 28 
Final 41 25 38 27 
Amine (yg./ml.): 
Initial - — - — 279 186 430 286 100 430 100 
Final —_- — - =— 280 200 450 300 100 450 100 


(3) In the case of aniline, the possibility of the formation of phenol, hydrazobenzene, 
azobenzene, nitrosobenzene etc., was investigated 
with negative results. 

(4) In the cases of tsoamylamine and ethylamine 
with Ps. pyocyanea, and putrescine and cadaverine 
with Paracclon AO, estimation of the amino-N 
before and after the ‘oxidation’ process shows no 
decrease during that process. 

(5) The product obtained from the ‘oxidation’ 
of isoamylamine was worked up for the formation 
of a picrate; red crystals were obtained in good 
yield which gave the M.P. and mixed m.P. of iso- 
amylamine picrate. Similarly benzoylation of the 
product from aniline gave benzanilide. Thus any 
oxidation which does occur can affect only a small 
proportion of the substrate added. 

(6) In the cases of aniline and the naphthyl- 
amines, the substrate can be estimated colori- 
metrically at the end of the experiment and Hours 
Table 6 shows that no disappearance of these Fig. 6. Action of f-naphthylamine on 0, 
amines has occurred despite the O, uptake uptake of washed suspension of Ps. pyo- 
recorded. cyanea. e—e Control. o—o 0-3 ml. M/50 

(7) Manometric analysis applied to the oxidation  F-naphthylamine added at times 0 and 
process shows that in all cases the increased O, ~ pene Gneees 
consumption is accompanied by an increased CO, production. 

(8) The effect obtained with B-naphthylamine is more marked than with other simple 
amines and has consequently been investigated in more detail. Fig. 6 shows the O, uptake 


pl. O, uptake 
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in manometers containing Ps. pyocyanea with and without the addition of 8-naphthyl- 
amine. The addition of 8-naphthylamine produces an accelerated O, consumption which 
falls off after a time but the decreased rate is then less than that of the control, so that the 
initial increased O, uptake is later compensated by a decreased uptake below that of the 
control. Further, the addition of more 8-naphthylamine. once the first effect has fallen 
off does not result in a second acceleration of O, uptake. To sum up, the increased O, 
consumption obtained on adding certain amines to washed suspensions of freshly isolated 
organisms is not strictly proportional to the amount of amine added, is not associated with 
any decrease in the substrate concentration, does not apparently bring about any change 
in the amine molecule, is accompanied by an increased CO, formation, is followed by a 
period when the O, consumption is less than that of the control and cannot be produced by 
a second ‘stimulus’ of added amine. For the present it is tentatively suggested that these 
facts are best explained by the assumption that the amine acts catalytically on the oxida- 
tion of some substance whose oxidation normally comprises part of the ‘blank respiration’. 

Although the effects have not been investigated in detail, it is probable that this type of 
action explains results obtained with other amino-compounds such as semicarbazide, 
urea, phenylurea, phenylhydrazine, guanidine, benzidine, methyl- and dimethyl-aniline 
etc. These results were obtained only with freshly isolated organisms, while cultures- 
which had been kept on artificial media, with or without the substances in question, for 
12 months or more gave insignificant results of this group B type although the true 
oxidations studied in the first section of this paper remain independent of the time since 
isolation. A similar pseudo-oxidation was noted by Webster & Bernheim [1936] in certain 
of their studies on the oxidation of amino-acids by Ps. pyocyanea. 


SUMMARY 


1. Washed suspensions of Ps. pyocyanea can oxidize putrescine, cadaverine, agmatine, 
histamine and tyramine; some strains of Bact. coli can oxidize tyramine and/or putrescine 
and cadaverine; in no case is the activity very marked. 

2. The enzymes involved in the oxidation of putrescine, cadaverine and agmatine 
appear to be constitutive while the primary stages of histamine and tyramine oxidation 
are adaptive. 

3. The oxidations take place most rapidly between pH 7-5 and 9-5. 

4. The enzyme involved in the: primary oxidation of tyramine is not formed in the 
absence of tyramine during growth and its formation is inhibited by anaerobic or acid 
growth conditions. 

5. Ps. pyocyanea carries the oxidation of putrescine, cadaverine and agmatine to com- 
pletion, the sole products being CO,, H,O and NH,. The oxidation of tyramine and hista- 
mine is incomplete though the benzene and iminazole rings are destroyed. In the 
presence of semicarbazide a small yield of p-hydroxyphenylacetaldehyde can be obtained 
from the oxidation of tyramine. 

6. The oxidation of histamine, putrescine, cadaverine and agmatine is inhibited by 
M/100 semicarbazide or M/10,000 cyanide. 

7. Other amines, such as ethylamine, isoamylamine, aniline etc. produce an accelerated 
O, consumption when added to washed suspensions of freshly isolated Ps. pyocyanea, 
Bact. coli, etc.; this is probably not due to oxidation of the amine but to a catalytic effect 
on the ‘blank respiration’. 


The author wishes to express his thanks to Prof. Sir Frederick G. Hopkins for his 
interest and encouragement in this work, and to Prof. Friedmann for advice. The work 
has been carried out at intervals during the tenure of grants from the Royal Commission 
for the Exhibition of 1851, the Foundation of St John’s College, Cambridge and the Beit 
Memorial Fellowship Trustees, to all of whom the author expresses his gratitude. 
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Observations have been reported in earlier communications [Hanes, 1940, 1, 2, 3] on the 
reversible transformation of glucose-1-phosphate into starch and inorganic orthophos- 
phate, catalysed by an enzyme (phosphorylase) which is present in many higher plants. 
The reaction may be represented as follows: 
Starch + inorganic phosphate = glucose-1-phosphate. 
(free-P) (ester-P) 

Experiments with purified phosphorylase from potatoes showed that the equilibrium 
state, defined by the values of the ratio free-P/(free-P +ester-P), or by the ratio free-P/ 
ester-P, was not significantly affected by alterations within wide limits in the gross con- 
centration of starch or in the concentration of total phosphate (free-P+ester-P). It was 
observed, however, that the equilibrium was markedly affected by alterations in the 
concentration of hydrogen ions, larger proportions of the reactants existing in the form 
of starch and inorganic phosphate under more acid conditions. Thus, as the pH value was 
varied from 5-0 to 7-0, the values of the ratio free-P/ester-P decreased progressively from 
about 10-8 to 3-1 [Hanes, 1940, 1, 2]. 

It is of interest that a similar effect has been reported recently by Cori & Cori [1940] in con- 
nexion with the action of the corresponding enzyme (glycogen-phosphorylase) from animal 
tissues (brain, liver, and muscle). The average values which they give for the equilibrium 
ratio free-P/ester-P are 5-7 at pH 6-0 and 2-9 at pH 7-55. Also they show that this ratio is 
unaffected by wide variations in the concentration of polysaccharide (glycogen) present. 

The purpose of the present note is to compare the effects of H+ concentration upon 
the equilibria attained in these reversible reactions catalysed by the plant and animal 
phosphorylases and at the same time to extend and modify the interpretation of this 
effect which has already been advanced. 

It was concluded earlier [Hanes, 1940, 3] that alterations in the hydrogen-ion concentra- 
tion affected the equilibrium owing to the differential effects upon the dissociation of 
orthophosphoric acid and glucose-1-phosphoric acid. Whereas the values of the ratio 
free-P/ester-P, i.e. total orthophosphate/total glucose-1-phosphate, decreased from about 
10-8 to 3-1 over the range of pH from 5-0 to 7-0, calculations showed that the ratio of the 
divalent ions of the two acids remained approximately constant. This ratio. [HOPO; ]/ 
[ROPOs] (R representing the glucose molecule substituted at carbon atom 1) had a value 
of about 2-2. It was thus clear that an equilibrium, independent of H+, existed between 
similarly charged ions of the opposing reactants. This preliminary analysis was, however, 
incomplete, and misleading to the extent that emphasis was placed on the divalent ions 
to the exclusion of the other species of the two reactants. It should have been made clear 
that a constant ratio for the divalent ions implies a constant ratio also for the undissoci- 
ated acids and for the monovalent ions. For, given the two acids HOPO,H, (with dis- 
sociation constants k, = 1-07 x 10-2 and k,=1-51 x 10-7) and ROPO,H, (with dissociation 
constants k,=7-8 x 10-2 and k,=7-4 x 10-7) the following identities will hold, whatever 
the [H+]: 

[HOPO,H,] 7:8 [HOPO,H ] 
[ROPO,H,] 1-07 * [ROPO,H | 
( 76 ) 


[HOPO,H] 7-4 [HOPO3] 


and -ROPO,H]~ 1-51 * [ROPOs] 





S- 








EFFECT OF [H*] ON PHOSPHORYLASES 77 


With the ratio of the divalent ions approximately constant at a value of about 2-2 it 
follows that the ratios of the monovalent ions and of the undissociated acids wil] be 
approximately constant at values of about 10-7 and 77 respectively. 

For the purpose of a close comparison of the equilibria attained over a range of pH 
values in the presence of the plant and animal enzymes respectively, use may be made of 
the gross ratio free-P/ester-P or of the ratio free-P/ester-P for any pair of similarly charged 
ions. For convenience in plotting the results we have chosen the ratio of the univalent 
ions. These ratios are, of course, derived from the estimated free-P/ester-P values by 
multiplying by a factor, changing with pH, calculated from the dissociation constants of 
the acids and the [H*]; so that a given percentage error in the estimate of free-P/ester-P 
will produce the same percentage error in the estimate of the ratio of corresponding ions. 

The values calculated are shown in Figs. 1 and 2, but before dealing with these it seems 
desirable to consider the effect on them of experimental errors in the primary analytical 
determinations. 

Experimental error in defining equilibrium states. The primary data consist of analytical 
determinations of free-P and of (free-P+ester-P) on samples of reaction mixtures in 
which it is judged that the equilibrium state has been attained. These values are obtained 
by measuring the amounts of inorganic orthophosphate present in suitable aliquots before 
and after they have been subjected to a treatment which causes the complete hydrolysis 
of glucose-1-phosphate (7 min. heating at 100° in the presence of N H,SO, or HCI1O,). 
The determined values for free-P, however, require a correction owing to the fact that a 
small proportion of the glucose-1-phosphate present is hydrolysed during contact with 
the acid reagents used to precipitate protein and to determine inorganic phosphate. Thus, 
in the technique used by Hanes, about 0-4 % of the ester present is hydrolysed. On this 
account it is probable that the corrected values for free-P are subject to a slightly greater 
error than the values for (free-P +ester-P). A small error in making this correction will, 
however, have only a small effect on the derived value free-P/ester-P. An over- (or an 
under-) estimate by as much as 2% in the amount of ester-P assumed to be hydrolysed 
will, over the range of pH from 5 to 7-5, decrease (or increase) the value free-P/ester-P 
by less than 3%. An error of the same magnitude in the ratio of the two determinations 
free-P/(free-P + ester-P) will on the other hand have, especially at low pH values, a con- 
siderable effect on the derived data. An overestimate of 2% in the ratio free-P/(free-P 
+ester-P) produces in the ratio free-P/ester-P an overestimate of about 27 % at pH 5-0 
and of about 8 % at pH 7-5. An underestimate of 2% in the ratio free-P/(free-P + ester-P) 
produces an underestimate in the ratio free-P/ester-P of about 18 % at pH 5-0 and of about 
7% at pH 7-5. Considerable scatter in the derived ratios, especially at lower pH values, 
might therefore be expected. Moreover, a small systematic error in the estimate free-P/ 
(free-P + ester-P) may produce a marked drift with pH in the derived ratios. A syste- 
matic overestimate will produce a downward drift as pH increases, and a systematic 
underestimate an upward drift. 


Equilibrium states in plant and animal phosphorylase systems 


The data for potato phosphorylase, described in detail earlier [Hanes, 1940, 3], consist of 
17 evaluations of the composition of systems at equilibrium at different pH values and 
attained by the reaction proceeding from both sides. Data for three animal phosphory- 
lases (from muscle, liver, and brain tissue) were presented graphically by Cori & Cori 
[1940, Fig. 9], values of free-P/ester-P being plotted against pH value. Numerical values 
corresponding to each plotted point have been determined from the graph with pre- 
cautions against the introduction of significant error. The observed free-P/ester-P ratios 
from the two sets of data are shown plotted against pH in Fig. 1. The upper horizontal 
lines, extending over the pH ranges used with the plant and animal systems respectively, 
indicate the average values of the ionic ratios (monovalent free-P)/(monovalent ester-P) 
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for the two sets of data. Similar horizontal lines below indicate the average values of the 
ratios for the divalent ions. The continuous curves, calculated separately for the plant 
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Fig. 1. Animal systems (Cori & Cori). 9, 0, muscle; x, brain; f, +, liver. 9 and f, equilibria approached 
from the free-P side. _o, x and +, equilibria approached from the ester-P side. Plant system (Hanes). 
e, potato (equilibria approached from either side). 


Ratio of monovalent ions free-P/ester-P 


pH 


Fig. 2. Notation as in Fig. 1. Solid line—regression line for the plant system. Broken lines—separate 
regression lines for the animal systems as follows: ?, muscle, approached from the free-P side; 0, muscle, 
approached from the ester-P side; x, brain, approached from the ester-P side; +, +, liver, one point 
approached from the free-P side, the rest from the ester-P side. 


and for the animal systems, show the free-P/ester-P ratios expected if the ratios of the 
corresponding ions remain constant at their mean values. It will be seen that as the pH 
changes from the region pH 5 where the two acids are present mainly as monovalent ions, 
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to pH 7 where the acids are present mainly as divalent ions, so the free-P/ester-P ratios 
for the potato system drift from a level approaching the mean calculated ratio for mono- 
valent ions to a level approaching the mean ratio for divalent ions. Also, although there 
is some scatter the observed values lie fairly closely about the expected curve. 

The free-P/ester-P values for the animal enzyme systems follow a very similar course 
and show roughly the same percentage scatter about the expected curve. It will be 
noticed however that below about pH 6-7 the observed values tend to fall below the 
theoretical curve while above pH 6-7 they rise above it. 

There is thus a close similarity in the equilibria in the plant and animal systems and in 
the relation to [H+]. The somewhat divergent drift of the values for the animal systems 
suggests however that. identity of the equilibria is not definitely established. The dif- 
ferences become rather clearer when one compares, as in Fig. 2, the values for the ratios 
of corresponding ions. (The values plotted are those for the univalent ions.) The mean 
ratio for the animal systems, viz. 10-2 (standard deviation of mean 0-29) is only slightly 
below and does not differ significantly from the mean ratio for the plant system, viz. 10-6 
(standard deviation of mean 0-23). But whereas the plant -values show no significant drift 
with pH (the calculated regression is only —0-44 per pH unit and is not statistically 
significant) all the sets of animal values show more or less pronounced upward drifts (the 
regression coefficients range from +1-7 to +3-6 per pH unit and are all statistically 
significant). 

From this analysis of the available data it may be concluded that the ratio of corre- 
sponding free-P and ester-P ions does remain constant at equilibrium in the case of the 
plant system, but the same conclusion cannot at present be drawn for the animal systems. 
It is, of course, possible that the constancy observed in the plant systems is fictitious, the 
discrepancy between this and the animal systems arising from some systematic error in 
the primary determinations for the plant system. Assuming however that, at equilibrium, 
both in animal and plant systems, the ratios of corresponding ions are really constant, 
independent of pH, it is calculated that the average upward drift in the observed values 
for the animal systems would be accounted for if there had been a systematic under- 
estimate of the order of about 7% in the determinations of the free-P/(free-P + ester-P) 
ratios. This would however imply a value for the constant ratio (monovalent free-P)/ 
(monovalent ester-P) of about 17 for the animal data, taken all together, as against a 
value of 10-6 for the plant system, so that the equilibria, although related in the same way 
to [H+], would not be identical. Moreover, an underestimation of this order in the primary 
data for the animal systems seems very unlikely, and it is therefore more probable that the 
discrepancy reflects some real difference in the reactions occurring in the plant and animal 
systems, the drift shown by the animal systems suggesting the existence in these of some 
complexity that is absent from the plant system. 

To conclude, it would appear that there is a closely similar basis for the effect of [H*] 
on the equilibria in the plant and animal phosphorylase systems, but that a direct experi- 
mental comparison, using, if possible, more precise methods of estimation, is required to 
determine either the identity of the equilibria in the two systems or the points of detail in 
which they differ. 


So far as one of us (C.S.H.) is concerned, the work formed part of the programme of the 
Food Investigation Board and is published by permission of the Department of Scientific 
and Industrial Research. 
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9. The Effect of X-rays on the Conjugated Protein 
d-Amino-acid Oxidase 





By Walter M. Dale, From the Christie Hospital and Holt Radium Institute, Manchester 
(Received 22 December 1941) 


In a previous paper [Dale, 1940] the effect: of X-rays on crystalline carboxypeptidase and 
polyphenol oxidase was investigated mainly in regard to the radiosensitivity of these 
enzymes as a function of their concentration. One of the findings of this investigation was 
that enzymes are affected by reasonably small doses of X-radiation. Since their high 
chemical activity allows the measurement of radiation effects on them in concentrations 
as low as those in which they occur in living matter, they are well suited for a more 
differentiating examination of their radiosensitivity at such concentrations. 

The work of Theorell [1937] and Warburg & Christian [1938] has established that a 
number of enzymes consist of conjugated proteins, and are separable into a chemical 
compound of a relatively low molecular weight (prosthetic group sometimes called co- 
enzyme) and a highly specific protein, both of which are necessary for enzymic activity. 
There is, therefore, an opportunity of measuring the effect of radiation on these com- 
ponents singly, together, and in combination with the substrate and other compounds. 

a-Amino-acid oxidase [Krebs, 1933, 1, 2; 1935], as one of those enzymes whose pros- 
thetic group and specific protein can be separated, has been chosen as the subject of this 
investigation. Also its prosthetic group, alloxazinadeninedinucleotide, is of nucleotide 
nature and this forms a first step to the study of the radiosensitivity of nuclear substance 
on which attention has been focused for a long time. 


EXPERIMENTAL 


Alloxazinadeninedinucleotide. The Ba salt of the alloxazinadeninedinucleotide (in the 
following called for shortness ‘dinucleotide’) was prepared from baker’s yeast [Warburg 
& Christian, 1938]. The fraction containing typical deep-brown globules forming clusters 
of the shape of grapes was used. Its purity was confirmed by spectrophotometric test 
kindly carried out by Dr A. 8S. Gillam of Manchester University. A stock solution of 
dinucleotide of a concentration of 50ug./ml. was kept without any preservative, in the 
refrigerator in a frozen state, thawed and thoroughly mixed before being used. In the 
majority of the experiments 0-56yug. of dinucleotide saturated the specific protein to 
about 50%. 

Specific protein preparation. Two types of preparation were available: the highly 
purified but, unstable preparation of Negelein & Brémel [1939], or the less pure prepara- 
tion of Warburg & Christian [1938]. It was decided to use the latter because for the work 
described in this paper the greater stability of the preparation outweighs the advantage of 
increased purity. It was, however, possible in some cases to increase the purity without 
loss of stability. 

The best protein preparation, used in most of the experiments, contained 0-138 mg. 
protein in 2 mg. of preparation. In the alanine test 2 mg. of the preparation with 5yg. 
of dinucleotide took up 105-51. O, in 10 min. and 1-5 mg. with 0-56g. dinucleotide took 
up 70-5yl. O,. 

The amount of protein preparation used in the experiments was as a rule 1-5 mg. 
dissolved in 2-0 ml. 1/20 Na,P,0, of pH 8-3. The activities of different preparations, of 
course, varied. : 

Manometric technique. All measurements were carried out at 38° in Barcroft-Warburg 
manometers with conical vessels with side bulb and centre cup for KOH. The various 


( 80 ) 





ERRATUM 


Vol. 36, Nos. 1 & 2, pp. 80 ff. 
All X-ray doses mentioned are to be divided by 2. 








. X-RAYS ON d-AMINO-ACID OXIDASE 81 


solutions after their exposure to X-rays were tested for activity by the alanine test, the 
total volume being made up to 3-0 ml. The thermal sensitivity of the dissolved protein 
preparation at a temperature of 38° makes it necessary to observe certain important 
precautions. 

(1) The protein preparation. was dissolved and filtered as late as possible, i.e. after all 
preparations for the experiment were completed. 

(2) When all flasks were attached to their manometers and charged with O, at room 
temperature, batches of 4 manometers with open taps were immersed simultaneously in 
the water bath and their taps closed after about 7 sec. 

(3) The time of waiting until equilibrium of temperature was reached was reduced to 
about 5 min. Then, before a zero reading was taken the fluid in the side bulb of each 
manometer was tipped into the main compartment in quick succession and after about 
2 min. the zero reading was taken. 

Irradiation. The various solutions contained in small pyrex test tubes were irradiated 
from a-450 kV. Metropolitan Vickers continuously evacuated X-ray tube with a cool 
window with rays of half value layer 6 mm. Cu. The dosage rate was 500 r. per min. and 
the total dose was measured by a calibrated Hammer dosimeter. 


The effect of radiation on alloxazinadeninedinucleotide 


A solution of the dinucleotide containing 0-56ug./0-8 ml. of water was exposed to in- 
creasing doses of X-rays. Samples of 0-56ug. taken after the delivery of 2250, 4750 and 


Activity, pul. O, 
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Fig. 1. 


10,000 r. were tested by the alanine test in presence of 1-5 mg. of protein preparation. 
The results are given diagrammatically in Fig. 1, curve 2. 

There is a decreasing rate of inactivation with increasing X-ray dose. The decreasing 
slope of the curve resembles that obtained in the previous paper on carboxypeptidase. 
This point will be discussed later. 
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The effect of radiation on the specific protein 
Two examples of curves are given in Fig. 1. Curve 1 is obtained with 5-6 ug. of dinucleotide 
added to 1-5 mg. of protein preparation and curve 3 with 0-56ug. of dinucleotide. Thus 
the protein also undergoes inactivation by the action of radiation, the curves showing the . 
same shape as in the case of irradiated dinucleotide. 


The effect of radiation on the dinucleotide-protein system 


For clearness abbreviations will be used to denote the various components. The complete 
system of the alanine test consists of dinucleotide (D), protein preparation (P) and 
the substrate alanine (A). If one or more components have been irradiated the system 
has to be completed by the addition of the remaining unirradiated components before the 
activity test can be carried out. 

In Table 1, describing a comparative experiment, the symbols in black type surrounded 
by a bracket and marked by an asterisk, represent the irradiated substances and indicate 
whether they were irradiated singly or mixed with one another. The result is that 
dinucleotide (Man. 1) or protein (Man. 2) or dinucleotide + protein (Man. 3) are affected 
by radiation to about the same extent whereas the irradiation of dinucleotide and protein 
carried out separately (Man. 4) causes the highest degree of inactivation, indicating an 


additive type of effect. 


Table 1 
X-ray dose 4500 r.; 0-56 ug. dinucleotide; 1-5 mg. of protein in each manometer. 
Manometer Contents pl. O, in Ist 10 min. 
1 [D}*¥+P+A 20-7 
2 [P]*+D+A 20-6 
3 [D+P]*+A 18-2 
4 [D]*+[P]*+A 5-6 
5 D+P+A 59-1 


Table 2 analyses still further the effect of radiation on a mixture of protein and 
dinucleotide. 


Table 2 

X-ray dose 7000 r. D=0-56yug., 2D =1-12yg. dinucleotide. 
Manometer Contents pl. O, in Ist 10 min. 
: 1 [P+D]*¥+A 27-2 

2 [P+D]*+P+A 51-6 

3 [P+D]*+D+A 26-4 

4 P+D+A 46-6 

5 P+2D+A 53-9 

6 [P}*¥+D+A 25:3 

7 [D}¥+P+A 18-5 


Here P and D were irradiated separately and as a mixture as in the previous experi- 
ment (Table 1), but on adding P to [P+D)]* the O, uptake is raised above that in the 
control in manometer 4 thus making good the loss in activity of P whereas adding D to 
[P+D}]* leaves the drop in O, uptake unaltered, i.e. no restoration of the activity lost 
takes place. Doubling D in the control very slightly raises the O, uptake which is already 
near its maximum. . 

Therefore the inactivation by irradiation of the mixture P+D is entirely due to the 
destruction of P whereas D remains unaffected. We can call this prevention of inactivation 
of dinucleotide by the presence of protein a ‘protective’ effect of the protein with regard 
to dinucleotide without, however, stipulating any particular mechanism by using this term. 

This protective effect of the protein suggests that the isolated example of a protective 
effect of the substrate on carboxypeptidase noted in the previous paper is part of a more 
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general phenomenon. Consequently a number of substances were examined as to their 
protective action. First alanine itself, then other amino-acids structurally related to 
alanine but known to be unaffected by the amino-acid oxidase, were found to have a 
protective effect. The underlying mechanism was first thought to be a competitive inhibi- 
tion by the formation of a compound between substrate and enzyme. This assumption 
had to be abandoned when it became clear that many substances not structurally related 
to the substrate could inhibit the radiation effect. 


Table 3 
dl-Alanine Na, oxalate a-Methyl-d-glucoside 
B-Alanine Na formate 7 NaCl 
Leucylglycine Na nucleate (yeast) KCNS 
Glycine Na nucleate (thymus) ~ K,Fe(CN), 
7 Na anilinoacetate Glucose K,Fe(CN), 
Na hippurate Fructose NaNO, 
wv Na benzoate Sucrose NaNO, 


The substances (Table 3) were added one at a time to the dinucleotide before irradiation 
in such a way that 1 ml. of the final mixture contained 0-56ug.=0-61 x 10-® mol. of 
dinucleotide and 10-4 mol. of the substance. A protective effect of Na benzoate, Na 
anilinoacetate and K,Fe(CN), could not be examined because 10-* mol. of these sub- 
stances proved to be inhibiting the amino-acid oxidase in the control. With the exception 
of NaCl which showed no protective effect whatsoever, all the other substances have a 
protective effect of 90-100 %, when exposed to an X-ray dose of 8000 r. If, however, the 
concentration of the protective substance is reduced by stages the protection becomes less 
and less as is shown, e.g. for leucylglycine in Table 4. 


Table 4 
X-ray dose =8000 r. L=Leucylglycine. 
Manometer Contents pl. O, in Ist 10 min. 
1 D+P+A ; 28-6 
2 [D+10-4 mol. L]}*+P+A 27-1 
3 [D+10-* mol. L]*¥+P+A 19-3 
4 [D+10-? mol. L]*+P+A 12-8 
5 [D+10-* mol. L]*+P+A 10-0 
6 (D]*¥+P+A 10-7 


For some of the substances of Table 3 the concentration affording about 50% protec- 
tion has been determined; the values are given in Table 5. . 


Table 5 
50% protection by: "a 
10 mol./ml.: Glycine 10-75 mol./ml.: Glucose 
Na oxalate Sucrose 
NaNO, KCNS 
Na formate 
10-* mol./ml.: Leucylglycine 
Alanine 10-8 mol./ml.: Fructose 
K,Fe(CN), NaNO, 
K,Fe(CN), Na nucleate from yeast 


Na nucleate from thymus 
10-7 mol./ml.: Na hippurate 


None of these substances will protect in a lower concentration than that of the di- 
nucleotide itself; their chemical structure gives no clue as to why some of these substances 
act protectively in so much lower concentration than others. 
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The concentration for about 50% protection has been determined also for glucose 
(10-*), glycine (104°), alanine (10-5), and leucylglycine (10~° mol./ml.) when mixed, one 
at a time, with the protein. It can be seen from these figures that the protective concen- 
trations are invariably higher for the protein than for the dinucleotide. 
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DISCUSSION 


The experiments show that the prosthetic group, as well as the protein part of the enzyme, 
is radiosensitive. But this radiosensitivity is in an additive direction only when the two 
components are mixed after having been irradiated separately, and is modified as soon as 
they are irradiated as a mixture. This phenomenon of interference by a second partner 
during irradiation is not confined to the components of the enzyme but obtains also in 
varying degree for many other substances. It is probable that all substances of organic 
nature, and inorganic substances which are less inert than, for example, NaCl, will produce 
this effect. Some investigators of radiation effects on substances other than enzymes have 
made similar observations [Stenstrom & Lohmann, 1931; 1933; Fricke & Brownscombe, ' 
1933 ; Fricke & Washburn, 1932]. This inhibition of the radiation effect by the presence of 
other substances, i.e. a protective effect, may be explained in the following way by taking 
into account results of the previous paper. 

The effect of radiation on substances dissolved in water must be an indirect one because 
it is independent of the concentration of these solutions. The radiation causes some 
change in the water and the product thus formed in turn acts on the solute. If there is 
more than one solute present each one will share in the reaction with this intermediate 
product according to its respective amount and affinity, i.e. leaving a larger or smaller 
share for its partner. Consequently some solutes are not protecting at all, as, for instance, — 
NaCl; some others, e.g. glucose, fructose and nucleic acids, are 1000 times more effective 
than, e.g., NaNO,. 

But the same mechanism applies to the inactivation of one substance in solution, this 
in fact being only a special case of the more general statement just made. The radiation 
energy converted into the intermediary product is at the start of the irradiation fully 
available for the inactivation of the solute and becomes less and less so as more and more 
of the solute is inactivated, since it is now shared by the inactivated fraction. Thus the 
inactivated solute plays the same protective part as a second substance would do if added 
to the dinucleotide or the protein before irradiation. Hence one arrives at an explanation 
of the diminishing slope of the activity/X-ray dose curve common to all experiments in 
the present and in the previous paper. In the latter the amount of enzyme destroyed per 
1000 r. over a wide range of concentration was found from the data for 25 and 50% 
destruction. In both cases this amount was independent of the concentration but de- 
pendent on the percentage destruction. For 25 % destruction 1000 r. were found to destroy 
about 50 carboxypeptidase units whilst for 50 % destruction only 30 units were destroyed. 
It was originally thought that these results were due to the non-linearity of the enzyme 
reaction, whereas they, and hence the diminishing slope, can now be explained more fully 
on the basis of the protective effect described above. 

It follows finally that the protein component of the enzyme must be of greater radio- 
sensitivity than the prosthetic group as may be seen from the following considerations: 
the protein preparations consist of a mixture of ammonium sulphate, inactive protein and 
active protein. Our best protein preparation contained in 1-5 mg. of preparation 105g. 
of protein of which about 20ug. were active protein of the purity obtained by Negelein 
& Brémel [1939]. The mol. wt. of the active protein can be assumed to be 70,000 [Warburg, 
et al. 1935; Warburg & Christian, 1936; Negelein & Brémel, 1939; Broda & Goodeve, 
1941]. Therefore 20ug. represent 3x 10-!° mol. of active protein which is of the same 
order as the amount of dinucleotide employed in the present experiments. The amount of 
inactive protein accompanying the active portion in all preparations will act protectively 
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against the action of radiation. If, therefore, in spite of this protection, the protein is 
destroyed in preference to dinucleotide, in a mixture of protein and dinucleotide, one must 
assume a higher degree of radiosensitivity per mol. of protein. The same conclusion may be 
drawn from the fact that the concentrations of other substances needed to protect the pro- 
tein to the same extent as the dinucleotide are higher than in the case of the dinucleotide. 

The greater radiosensitivity of the protein, as compared with its prosthetic group, is 
noteworthy in view of the fact that it is also the more specific of the two since it deter- 
mines the type of reaction which the total enzyme catalyses. 

In conclusion one can say that the radiosensitivity of an enzyme not only depends on 
the amounts originally present as pointed out in the previous paper but is also modified 
by the amounts and radiosensitivities of other substances present. 


SUMMARY 


The relative sensitivity to X-radiation of the components of the conjugated protein, 
d-amino-acid oxidase, has been studied under varying conditions with the following 
results : 

(1) Not only is the ‘specific’ protein part of the enzyme radiosensitive but its prosthetic 
group alloxazinadeninedinucleotide as well. 

(2) The radiosensitivity is greatest when the dinucleotide and the ‘specific’ protein are 
first irradiated separately and then added to the substrate for the enzymic reaction to take 
place (additive effect). 

(3) The radiosensitivity of the system protein-dinucleotide is equal to, or slightly less 
than, that of the protein irradiated by itself and almost entirely due to the inactivation 
of the protein since the dinucleotide is ‘protected’ by the presence of the protein. 

(4) This ‘protective’ action of the protein is not confined to it, but is exhibited by a 
great variety of compounds less inert than NaCl. 

(5) Different amounts of various substances are needed to inhibit the destruction of 
50% of the dinucleotide by a given X-ray dose, nucleic acids belonging to the most 
effective group. None of the substances examined will protect in lower concentrations 
than that of the dinucleotide itself. 

(6) Larger amounts than those mentioned in (5) are needed for the protection of the 
protein. 

(7) The nature of this protection is discussed and from it an explanation derived for 
the diminishing slope of all activity/X-ray dose curves in this and the previous paper and 
for the greater radiosensitivity of the protein as compared with the dinucleotide. 
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ERRATUM 
On p. 1368 of the previous paper [Dale, 1940], 1000 r./hr. should read 1000 r./min. 


10. The Quantitative Estimation of 3:4-Benzpyrene 
in Whole Animals, their Tissues and Excreta 


By Isaac Berenblum and Regina Schoental, From the Oxford University Research 
Centre of the British Empire Cancer Campaign, Sir William Dunn School of Pathology, 
University of Oxford 


(Received 15 January 1942) 


An accurate study of the rate of disappearance of 3:4-benzpyrene in the animal body 
requires a very sensitive method for the estimation of the unchanged hydrocarbon in 
whole animals, separate tissues, tissue fluids and excreta. The technique involved includes 
(a) a method of quantitative extraction, (b) a means of freeing the extract from interfering 
substances and (c) the actual method of estimation. The existing methods for (a) and (c) 
are satisfactory and may be summarized as follows. 

Quantitative extraction of benzpyrene from tissues. If the tissue is homogeneous, it may 
be desiccated, ground to a fine powder and exhaustively extracted with an organic solvent 
[Chalmers, 1934; Berenblum & Kendal, 1934]. With more complex tissues or whole 
animals, preliminary hydrolysis with alcoholic KOH is necessary, followed by desiccation 
and extraction as above, or more simply, by addition of a known volume of benzene, 
acidification and removal of the ethanol by repeated washing with dilute acid [Berenblum 
& Kendal, 1936]. Acidification is essential if loss of the hydrocarbon in the aqueous 
ethanol washings is to be avoided. Since in the latter or ‘wet’ method of extraction the 
amount of benzene added is known, and the transfer of the hydrocarbon from the water- 
acid-ethanol to the benzene phase is quantitative, the amount of the hydrocarbon in the 
original tissue can be estimated by determining its concentration in a small sample of the 
benzene extract after purification. Thus, recovery of the whole extract is unnecessary by 
the ‘wet’ method. 

Theoretically, any organic solvent may be used provided that the extraction is 
exhaustive. Desirable qualities are: high solubility for the hydrocarbon; low solubility 
for the impurities; absence of troublesome emulsions when shaken with aqueous 
solutions; non-miscibility with water (if the ‘wet’ method is employed); suitability 
for subsequent chromatographic adsorption. Benzene seems to satisfy these require- 
ments best. : 

Estimation of the hydrocarbon in the purified extract. Two spectrographic methods are 
available: (1) comparison of the intensities of the fluorescence bands with those of a 
number of known standards photographed on the same plate [Berenblum & Kendal, 
1936]; (2) comparison of the intensities of the absorption bands [Chalmers, 1934; Lorenz 
& Shear, 1936]. Though originally designed for the estimation of 1:2:5:6-dibenzan- 
thracene, both methods are equally applicable to benzpyrene. The fluorescence technique 
is, however, the simpler of the two and was therefore used in the present investigation, 
more especially since the intensities of the fluorescence bands for benzpyrene are con- 
siderably stronger than those for dibenzanthracene and the sensitivity, therefore, is 
correspondingly greater. 

Purification of the crude extract. The main difficulties in all previous methods are met 
with during the stage of purification, since this requires the removal of all interfering 
substances without loss of the hydrocarbon. The interfering substances are of two kinds, 
those which produce diffuse fluorescence in the region of the specific bands of the hydro- 
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‘ carbon, and those which absorb light in that region. The methods of purification previously 


adopted may be summarized as follows. 

(1) Washing with acid. This represents the first stage in the purification by the ‘wet’ 
method, and serves the double purpose of washing out the ethanol and of removing 
alkaline impurities. 

(2) Washing with alkali. Provided that all the ethanol has already been removed by 
acid washing, shaking with a solution of Na,CO, removes the bulk of the impurities from 
the benzene extract without any loss of hydrocarbon. In the original method [Berenblum 
& Kendal, 1936] the washing was repeated till all the soaps in the emulsified benzene layer 
were removed. 

The objections to this procedure are: (a) the prolonged washing is tedious; (b) the 
amount of alkali needed is very great; (c) with extracts from fatty tissues the emulsifica- 
tion is often very troublesome; (d) with extracts from non-fatty tissues the final solution 
may remain darkly coloured. 

(3) Chilling with CO, snow. This procedure was used by Lorenz & Shear [1936] for 
the removal of fats and ober impurities. It is not as efficient as washing with alkali. 

(4) Treatment with digitonin. This troublesome and expensive procedure for the 
removal of cholesterol, adopted by Chalmers [1936], seems unnecessary, since most of the 
cholesterol can be removed by adsorption on alumina (see below), while small amounts 
which may remain do not interfere with fluorescence spectrography. 

(5) Adsorption of impurities on alumina. According to the method of Lorenz & Shear 
[1936], the extract is shaken with aluminium oxide for the further removal of impurities. 
The method, though effective for the removal of impurities, leads to inaccuracies, owing 
to some adsorption of the hydrocarbon itself on the alumina. 

In short, none of the methods of purification so far described is ideal, while the most 
efficient one is very troublesome to carry out for large numbers of tests. Moreover, in 
certain cases there is a persistence of diffuse fluorescence in spite of all the above treat- 
ments. As the result of the following experiments, most of the difficulties have been over- 
come and a method has been devised which combines high sensitivity with relative 
simplicity of procedure. 

EXPERIMENTAL 


Alkaline washing of the crude benzene extract 


By varying the concentration and amount of Na,CO, used, it was found possible to control 
to some extent the tendency for persistent emulsification. Tests on extracts from animals 
and tissues containing varying amounts of fat, elicited the following information. 

(1) The more persistent the emulsification, the smaller were the amounts of impurities 
in the resulting benzene extract. 

(2) Extracts from tissues with a low fat content, which normally yield deeply coloured 
solutions after alkaline washing, could be made to yield almost colourless solutions by the 
preliminary addition of stearic acid. 

(3) The purification of the crude benzene extracts was no more complete when the 
soaps were removed by prolonged alkaline washing than when removed by centrifuging 
the emulsion after only a single washing. 

From these results, it is evident (a) that emulsification is beneficial, in that impurities 
are carried down with the soaps, (b) that when emulsification is inadequate, it is ad- 
vantageous to produce it artificially by addition of stearic acid and vigorous shaking, and 
(c) that prolonged alkaline washing (as used in the original method of Berenblum & 
Kendal) is unnecessary, since the soaps can be removed more simply and with equally 
good results by centrifuging. 

With these modifications in the technique, almost colourless extracts could now con- 
sistently be obtained, though some impurities still remained. 
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Adsorption on alumina 


Since benzpyrene is less readily adsorbed on alumina than is dibenzanthracene [Winter- 
stein & Vetter, 1934], experiments were undertaken to determine whether it was possible 
to include treatment with alumina as an additional method_of purification for benzpyrene, 
without causing a significant loss of the hydrocarbon. 

Benzene extracts with known concentrations of benzpyrene were passed through 
columns of alumina (1 cm. wide, 4 em. high), and successive samples of the filtrate were 
tested for the hydrocarbon. While the first few drops contained no benzpyrene, the 
amounts in the subsequent fractions increased progressively until, after 8-10 ml. had 
passed through, the benzpyrene content in the filtrate was the same as in the original 
solution. Thus, under standard conditions, using benzene as the solvent, an equilibrium 
is soon reached between the benzpyrene in solution and that adsorbed, while most of the 
impurities remain strongly adsorbed. The method can therefore safely be used for 
purification, provided that the first 10 ml. are discarded. Using narrower columns, the 
amount to be discarded can, of course, be correspondingly reduced. 


Removal of tie residual diffuse fluorescence 


When the benzpyrene content of a mouse is very low, so that concentration of the final 
extract is necessary for its detection spectrographically, a diffuse fluorescence is often 
observed in the blue region of the spectrum, and this may interfere with the accurate 
estimation of the benzpyrene. This diffuse fluorescence was found to be due to an im- 
purity present in variable amounts in different samples of benzpyrene, which persists in 
the tissues long after the benzpyrene has disappeared [Berenblum & Schoental, 1942]. 
It can be separated from benzpyrene by differential adsorption, for while neither is 
adsorbed to any significant extent on alumina from benzene, both are strongly adsorbed 
from light petroleum. If such a column is developed with a mixture of 1 part of benzene 
and 2-3 parts of light petroleum, the benzpyrene alone passes through into the 
eluate. 

The quantitative estimation of benzpyrene in faeces presented special difficulties. 
(a) Owing to the low water content of faeces as compared with tissues and the presence of 
cellulose and other undigested residues from the food, hydrolysis with alcoholic KOH is 
insufficient to reduce the material to a condition suitable for extraction. (b) The high 
concentration of pigments in the faeces, including certain metabolic products of benz- 
pyrene, produces coloured extracts. (c) Certain factors in the diet of the animals can 
influence the results of quantitative estimations. 

The substitution of aqueous for alcoholic KOH was found to result in more effective 
breaking up of the faecal particles, and, though some of the material remained undissolved, 
this did not interfere with the quantitative extraction of benzpyrene. The pigments 
derived from the faeces of rats or mice were found to be sufficiently strongly adsorbed on 
alumina to yield colourless filtrates free from non-specific fluorescence, provided that the 
column was tall enough. 

The factor of diet was found to be seriously disturbing in two different respects. 
Irregular, but consistently low, values for benzpyrene were found in faeces from control 
mice or rats after known amounts of benzpyrene had been added to them. This was traced 
to the presence of adsorbent carbon, derived from black biscuits (‘Spratt’s ovals’) given 
as part of the diet, the carbon having acted as a strong adsorbing agent for the hydro- 
carbon. After eliminating the black biscuits from the diet, accurate values for benzpyrene 
were obtained. In the case of faeces from rabbits or guinea-pigs, the benzene extracts 
remained deeply coloured even after passing through alumina. The pigments responsible 
for this, presumably derived from the green vegetables in the diet, could be removed by 
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adsorption on alumina from light petroleum followed by elution of the benzpyrene with 
a mixture of light petroleum and benzene, as used for the removal of the fluorescent sub- 
stances occasionally present in tissues (see above). 


METHOD 
For whole mice 


The animal is boiled for 2-3 hr. with 70-100 ml. ethanol and 8-12 ml. sat. aqueous KOH 
under a reflux condenser. 50 ml. benzene are then added and the boiling is continued for 
a few minutes. After cooling, the solution is transferred to a separating funnel, while the 
sediment (mainly bones) is dissolved in 25-50 ml. cone. HCl which are added to the con- 
tents of the separating funnel. About 50 ml. water are also added and the mixture is 
shaken and allowed to separate. The acid-aqueous-ethanol phase is discarded and the 
benzene phase washed with a further 100-150 ml. water, the aqueous phase being again 
discarded. 

About 100 ml. water are again added, the mixture is vigorously shaken, and a sat. 
solution of Na,CO, is added, a few ml. at a time, with vigorous shaking. At first, a fine 
milky emulsion develops, but with further addition of alkali the colour changes to a 
greenish brown and the emulsion becomes coarser, till a distinct flocculation occurs and 
the mixture separates into two layers, a flocculated emulsion in the upper layer and an 
aqueous layer below. Usually 25-35 ml. of alkali are required, depending on the amount 
of fat originally present and on the amount of acid remaining from inefficient separation 
during the previous treatment. The aqueous phase is discarded and the emulsified upper 
layer is centrifuged for 5-10 min. Most of the clear benzene extract, which separates as 
an almost colourless solution, is decanted, dried by shaking with anhydrous Na,SO, and 
passed through a column of alumina 1 em. wide and 4 cm. high. The first 10 ml. of filtrate 
are discarded and the remainder kept’for quantitative analysis by fluorescence spectro- 
graphy, as described by Berenblum & Kendal [1936]. The fluorescence spectrographic 
apparatus used was similar to that described by Hieger [1930], with certain minor im- 
provements in design suggested by Dr Hieger. 

By this method, the fluorescence bands of the test solution are photographed on the 
same plate as those of a number of standard solutions of benzpyrene in benzene, and the 
intensities compared by eye. The standard solutions used ranged between 0-005 and 
0-15yg./ml., so that the test solutions were diluted or concentrated to bring them within 
this range; the amount of dilution or concentration was taken into account in the final 
calculation. With the optical arrangements used, the limit of sensitivity for benzpyrene 
(using 50 ml. of benzene in the original extraction, and concentrating the purified extract 


5 ° 
aa =0-05g./mouse. 





5 times) was 


If, as mentioned previously, the final extract has a diffuse fluorescence, the following further treatment is 
necessary. An aliquot part (20 ml.) of the purified extract is evaporated to dryness, taken up in excess of 
light petroleum (B.P. 40-60°) and passed through a column of alumina on which both the benzpyrene and 
the impurity are adsorbed. The column is then developed with a mixture of 1 part of benzene and 2-3 parts 
of light petroleum until all the benzpyrene is eluted (as judged by ultraviolet light, the benzpyrene passing 
down as a violet fluorescence, while the impurity remains on the column as a bluish-white fluorescence). 
The eluate is then evaporated to dryness and taken up again in 20 ml. of benzene. 


Excluding the last-mentioned procedure, which is only rarely necessary, the whole 
purification takes about 1 hr., and, with sufficient glassware and apparatus for serial 
work, it is possible for one person to carry out more than 20 complete analyses per day. 


* ‘Aluminium oxide (for adsorption purposes)’, British Drug Houses, Ltd. 
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For separate tissues 


The method for separate tissues or blood is similar to that described for whole mice, 
though smaller amounts of reagents can be used when the amount of tissue is less. The 
only difference arises from the fact that most tissues contain proportionately less fat than 
the whole mouse, so that adequate emulsification must be artificially produced by addi- 
tion of a few mg. of stearic acid before the alkaline washing. The amount necessary varies 
with different tissues, and a preliminary trial with a sample of the normal tissue is ad- 
visable. By reducing the amount of benzene from 50 to 20 ml., the limit of sensitivity of 
the method was found to be 0-02ug. 


For mouse or rat faeces 


(Note. The diet of the experimental animals should contain no activated carbon or char- 
coal, and green vegetables should be excluded.) 1 g. of faeces is boiled, with occasional 
agitation, for about 1 hr. with 10-15 ml. 10 % aqueous KOH; 30-40 ml. ethanol are added 
and the boiling is continued for a further 1 hr. After the addition of 25 ml. benzene and 
further boiling for 5-10 min., the mixture is allowed to cool and acidified with cone. HCl, 
and the supernatant fluid is decanted into a separating funnel. The residue in the flask is 
washed with a small amount of ethanol and the washing added to the remainder. A little 
water is then added in the separating funnel and the mixture shaken and allowed to 
separate. After discarding the aqueous phase, the washing and separation are repeated. 
The benzene layer is then shaken with about 50 ml. water and small additions of a few 
ml. of sat. aqueous Na,CO, and centrifuged. The separated benzene phase is dried with 
anhydrous Na,SO, and passed through a column of alumina. The first 10 ml. of filtrate are 
discarded and the remainder kept for spectrographic analysis. 


Accuracy of the method 


Numerous tests were carried out to determine the accuracy and reliability of the method, 
and the range of concentration of benzpyrene over which the method is effective. Different 
amounts of benzpyrene, ranging from lg. to 10 mg., were added either directly to the 
vessel in which a whole. mouse was being hydrolysed, or injected into mice immediately 
before killing them. The recovery of benzpyrene, as estimated spectrographically, was 
consistently satisfactory over the whole range of concentrations tested, the maximum 
error observed not exceeding +20%. Since the error due to visual comparisons of the 
intensities of the fluorescence bands, and to variations in the intensity of the source of 
light during exposure, may account for at least +15 %, it is evident that no significant 
loss of benzpyrene occurs during the stage of purification. Similar tests were carried out 
with faeces, the results being also satisfactory. 


SUMMARY 


A method is described for the quantitative estimation of 3:4-benzpyrene in whole mice, 
separate tissues, tissue fluids and excreta, based on the ‘wet’ method of extraction and 
spectrographic analysis of the fluorescence, originally described by Berenblum & Kendal 
[1936] for 1:2:5:6-dibenzanthracene. 

The essential changes in the method are concerned with the purification of the extract 
for the removal of interfering substances; these result in a simplification of the procedure 
and a greater sensitivity. 

The limit of sensitivity of the present method was found to be in the region of 0-05yg./ 
mouse, while the accuracy was of the order of + 20% over a range of 1-10,000g./mouse. 


One of the authors (R.S.) is indebted to the Nuffield Trust for a personal grant. 
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11. The Rate of Disappearance of 3:4-Benzpyrene from the 
Mouse after Subcutaneous and Intraperitoneal Injection 


By Isaac Berenblum and Regina Schoental, From the Oxford University Research 
Centre of the British Empire Cancer Campaign, Sir William Dunn School of Pathology, 
University of Oxford 


(Received 15 January 1942) 


The continuous disappearance of carcinogenic polycyclic hydrocarbons from the site of 
injection [Chalmers, 1934; Berenblum & Kendal, 1934; 1936; Lorenz & Shear, 1936; 
Hieger, 1936; Peacock, 1936], the absence of their accumulation, to any significant 
extent, in other parts of the body or in the excreta [Berenblum & Kendal, 1936; Chalmers 
& Kirby, 1940], and the demonstration of derivatives in the excreta [Chalmers & Peacock, 
1936; Chalmers, 1938; 1940; Dobriner et al. 1939; Boyland et al. 1941], constitute con- 
vincing evidence of the ability of the body to metabolize such hydrocarbons. It is im- 
portant to consider, therefore, whether carcinogenesis is dependent on the presence of the 
unchanged hydrocarbons themselves, or whether it is due to the action of some of their 
metabolic products. 

Some indication regarding ‘this problem may be gathered from a correlation, under 
varying biological conditions, of the carcinogenicity of a hydrocarbon after a single in- 
jection and its persistence in an unchanged form at the site of injection. A close correla- 
tion between the two would suggest that the hydrocarbon was itself responsible for the 
neoplastic change, while an inverse relationship would imply its preliminary conversion 
into another compound as a necessary step in the carcinogenic process. Investigations 
on these lines have already been attempted by several workers. 

Following intraperitoneal injection of 1:2:5:6-dibenzanthracene into mice, both the 
rate of disappearance and the efficacy of carcinogenic action were found to depend on the 
medium in which the hydrocarbon had been injected [Berenblum & Kendal, 1936]. After 
a single injection of 2 mg. in lard, almost complete disappearance occurred in about 6 
weeks, whereas after injection of the same amount as a colloidal solution in water, about 
25% was still present in the animal after as long as 24 weeks. Of the two, the colloidal 
solution appeared to be the more effective in producing tumours, though the data for this 
were rather scanty. That the solvent can strongly influence carcinogenesis has been shown 
also by Peacock [1935], Shear [1936], Oberling e¢ al. [1939], Shimkin & Andervont 
[1940] and others. Peacock & Beck [1938] studied the carcinogenicity and the time of 
disappearance of 3:4-benzpyrene after subcutaneous injection in mice, using the 
benzpyrene either powdered or dissolved in ether, mouse fat, total mouse lipoids, olive 
oil or a mixture of olive oil and paraffin. They claimed to have found a close parallel 
between carcinogenicity and persistence of the hydrocarbon at the site of injection. 
However, their criterion of persistence of unchanged benzpyrene was based on the naked- 
eye appearance of a violent fluorescence of the tissues in ultraviolet light. This method 
was found to be unreliable by the present authors, since, as will be shown below, a blue 
fluorescence, due to an impurity present in variable amounts in different samples of 
benzpyrene, can sometimes be mistaken for the violet fluorescence of benzpyrene and can 
persist at the site of injection long after the complete disappearance of the benzpyrene 
itself. 

Another line of approach, adopted by Hieger [1936], was to compare the rates of dis- 
appearance of three hydrocarbons possessing different carcinogenic potencies (1:2-benz- 
anthracene, 1:2:5:6-dibenzanthracene and 3:4-benzpyrene). He also found a correla- 
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tion between carcinogenicity and persistence in the tissues; the differences in the rates of 
disappearance were not very striking. 

The present investigations were designed to study the problem from yet a third angle, 
which involved a comparison of the carcinogenicity and the rate of disappearance of a 
given carcinogen (3:4-benzpyrene) dissolved in a given medium (sesame oil), but injected 
at different sites in the body (subcutaneously and intraperitoneally respectively). 


EXPERIMENTAL 


All the experiments were carried out on white mice which received a single injection of 
benzpyrene in sesame oil. Altogether 350 mice were used; these were of a fairly homo- 
geneous (though not genetically pure) strain, bred in this laboratory over a period of many 
years. In about half, the injections were intraperitoneal, in the others, subcutaneous. 
While the volume injected was always the same (0-5 ml.), the dose of benzpyrene varied 
in different groups (20ug., 200ug., 2 mg. and 10 mg. respectively). Some of the mice were 
killed at intervals for quantitative estimation of benzpyrene in the whole animal and some 
for quantitative estimations in separate organs and tissues; others were kept for observa- 
tion of tumour production (up to 8 months). The benzpyrene contents were determined 
by the method of Berenblum & Schoental [1942]. 

Some irregularities in the results (especially in the earlier experiments) were traced to 
faults in the method of injection. The most serious source of error was an escape of the 
oily solutions through the needle puncture. It occurred most often after subcutaneous 
injections made through the skin of the groin into the axilla, but was practically eliminated 
by injecting through the skin of the mid-dorsal region into the subcutaneous tissues of the 
sacral region. As a further precaution, the skin punctures were sealed with collodion. 
In the case of intraperitoneal injections, such surface leakage was avoided by injecting 
at an angle, taking advantage of the valvular action of the abdominal coats, and by 
sealing the puncture with collodion. Here, however, unduly high values were sometimes 
obtained, owing to leakage from the peritoneal cavity into the subcutaneous tissues along 
the track of the needle. This could usually be detected by the presence of a palpable 
nodule in the abdominal wall. Animals in which either of these sources of error could be 
traced were discarded. 


The disappearance of benzpyrene from whole mice 


The time curves for the persistence of unchanged benzpyrene in whole mice after sub- 
cutaneous and intraperitoneal injections are shown in Fig. 1; the amounts of benzpyrene 
are plotted on a logarithmic scale. For the sake of clarity, the values obtained with 
injections of 20ug. are not recorded in Fig. 1. The curves for these were essentially the 
same in type as those for the larger quantities. 

From consideration of these curves, and from autopsy examinations at various stages 
of the experiment, the following conclusions may be drawn. 

(1) Benzpyrene in sesame oil disappears from the body about 15 times more rapidly 
when injected intraperitoneally than when injected subcutaneously. 

(2) The logarithms of the values for benzpyrene persisting in the animals, plotted 
against time, follow approximately parallel straight lines for each site of injection, indi- 
cating that, for any one site of injection, the rate of disappearance is proportional to the 
concentration, and therefore, that the time taken for a given percentage to disappear is 
constant over a very wide range of concentration. 

(3) None of the mice injected intrapéritoneally developed tumours after 8 months, 
whereas in the case of subcutaneous injections, sarcomata developed at the site of injec- 
tion in several animals of each group, even among those receiving the lowest concentration 
of benzpyrene (20yg.). 
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(4) The tissues at the site of injection of benzpyrene revealed, in ultra-violet light, a 
gradual change from the characteristic violet fluorescence of benzpyrene to a milky blue 
fluorescence which persisted for many months’ after the complete disappearance of 
benzpyrene from the body. This was found to be due to an impurity, originally present 
in the benzpyrene* in small amounts. It was found possible to separate this impurity 
from the original benzpyrene, as well as from the tissues, by differential adsorption on 
alumina [Berenblum & Schoental, 1942]. The purified benzpyrene disappeared from the 
tissues after injection without leaving a residual fluorescence. The presence in crystalline 
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Fig. 1. Values for benzpyrene contents of whole mice, plotted on a logarithmi¢ scale, against time, after: 
intraperitoneal injection of 10,000yug.=e; intraperitoneal injection of 2000ug.=0; intraperitoneal 
injection of 200ug.=e@; subcutaneous injection of 10,000ug.= x ; subcutaneous injection of 2000yg. 
=o; subcutaneous injection of 200 ug. =o. 


benzpyrene of this impurity has not previously been detected, no doubt because its pro- 
perties are in many respects similar to those of benzpyrene itself. It differs from the latter, 
however, in its slightly greater adsorbability on alumina from light petroleum, in its 
diffuse fluorescence spectrum (4000-5000° A., with maximum intensity at about 4150- 
4600 A., instead of the three separate bands of benzpyrene), and in its persistence in the 
animal body long after all the benzpyrene has disappeared. 


The concentration of benzpyrene in circulating blood and separate organs 


Previous data on the distribution of benzpyrene in separate tissues and organs after local 
injection, are scanty and vague, owing to the limitations imposed by the inadequate 
methods of estimation then available. The high sensitivity of the new method [Berenblum 
& Schoental, 1942] has enabled more accurate studies to be made. 

After intraperitoneal injection of 10 mg. of benzpyrene the hydrocarbon could be de- 
tected in the blood. Blood was collected from the severed blood vessels of the neck of 
anaesthetized mice. In some, 5 ml. citrate saline were slowly injected into the tail vein 
while the blood was dripping from the vessels of the neck, though even this procedure 
did not of course allow the whole of the blood in the body to be collected. 


* Three different samples of benzpyrene were used in these investigations: (1) from L. Light and Co. Ltd., 
(2) from Hoffmann-La Roche and Co. Ltd., and (3) from Hoffmann-La Roche and Co. Ltd., obtained through 
the British Empire Cancer Campaign. The concentration of the impurity mentioned above differed in all 


three samples. 
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Table 1. Benzpyrene content of the blood of mice after intraperitoneal 
injection of 10 mg. of the hydrocarbon in 0-5 ml. of sesame oil 
Benzpyrene in blood, Benzpyrene in whole 
Time after injection _ pg./mouse mouse, pg. (average) 
0-6, 0-4 


0-5, 0-6, 0-4, 0-5 
0-2, 0-6 
0-2, 0-3, 0-25, 0-2 
0-08 


<0-02 


Table 2. Benzpyrene contents of separate tissues of mice injected subcutaneously 
with 10 mg. of the hydrocarbon in 0-5 ml. of sesame oil 


pg. benzpyrene 


Tissue After 9 days After 33 days 


Blood 0-05 0-04, 0-07 
Spleen 0-02 0-05, 0-02 
Kidneys 0-06 0-03, 0-03 
Lungs 0-04 0-08, 0-08, 0-05 
Brain 0-12 0-05, 0-09 
Liver 0-20 0-07, 0-30, 0-06 
Gall bladder (containing bile) oo 0-07, 0-04 


Whole mouse 9000 7000 


Noteworthy features of the results of this experiment (Table 1) are the following: 
(a) benzpyrene was detectable in the blood as early as 1 hr. after injection; (6) the highest 
value recorded was lyg. (in less than 2 ml. of blood), though, from tests in vitro the 
solubility of benzpyrene in mouse serum was found to be of the order of 40ug./ml.; 
(c) with the fall in the total benzpyrene content of the whole mouse, there was a per- 
ceptible decrease in the concentration in the blood. 

The concentration of benzpyrene in separate organs was studied in mice receiving 
subcutaneous injection of 10 mg. of the hydrocarbon, the intraperitoneal series not being 
suitable owing to gross contamination of the surfaces of the abdominal organs with 
benzpyrene. The values obtained for the organs tested were all very low (Table 2), both 
after 9 and 33 days from the time of injection. The similarities in the values after 9 and 
33 days indicate that there is no significant accumulation of benzpyrene in these organs. 
The values for blood were also low and decidedly lower than those found in the intra- 
peritoneal series at the stage when the benzpyrene content of the whole animal was 
comparable. 

The elimination of unchanged benzpyrene from the body 


The rate of excretion of unchanged benzpyrene was investigated by determining its 
concentration in the faeces during the first 12 days after both subcutaneous and intra- 
peritoneal injection of 10 mg. The average values were 0-6.g./mouse per day for the 12 
days in the case of subcutaneous injection, and 4g. in the case of intraperitoneal injec- 
tion. In the former case, the excretion per day remained fairly constant, the amount 
excreted representing about 0-35°% of the amount which disappeared from the animal; 
in the latter case, the rate of excretion was high in the first few days and fell off rapidly 
(as would be expected in view of the rapidly diminishing quantity of benzpyrene remaining 
in the body), the amount excreted representing about 0-6 % of the amount which dis- 
appeared from the animal during that period. The difference between the percentages of 
unchanged benzpyrene excreted in the two series (0-35 and 0-6 % respectively) is probably 
not significant, in view of the error entailed in estimating such small amounts of benz- 


pyrene. 
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DIscussIon 


The present results confirm those previously reported in that there is a continuous 
disappearance of benzpyrene from the body, and that only a very small fraction of it is 
excreted unchanged in the faeces. Chalmers & Kirby [1940] examined both the urine and 
faeces of three rats, each of which had received 60 mg. of benzpyrene in olive oil sub- 
cutaneously; they found only traces of unchanged benzpyrene in the urine, but about 
1% in the faeces. In the present investigations on mice, only the faeces were examined ; 
the values were 0-35 °% excreted as unchanged benzpyrene in the case of subcutaneous 
injection and 0-6 % in the case of intraperitoneal injection. Thus, more than 99 % of the 
loss is due to destruction or change into a form which no longer gives the characteristic 
fluorescence spectrum. 

The presence of unchanged benzpyrene in the blood stream 1 hr. after the time of 
injection, and the absence of any gradual accumulation of the hydrocarbon in the blood 
subsequently, indicate that there is a continuous transportation of the hydrocarbon via 
the blood stream. But since there is also no significant accumulation in other tissues of 
the body, and relatively little in the excreta, it follows that a considerable amount of 
chemical transformation must occur after transportation. The detection of a metabolic 
product in the bile (BPX) and faeces (BPF) by Peacock [1936], Chalmers & Peacock 
[1936] and Chalmers [1938; 1940], suggests that the liver may be concerned with this 
transformation. 

In view of the facts that benzpyrene does not accumulate progressively in the blood 
even during its rapid disappearance from the body, and that the rates of disappearance 
from the body follow approximately parallel straight lines when plotted on a logarithmic 
scale, it may be concluded that the limiting factor which determines the rate of dis- 
appearance is the rate of diffusion of the hydrocarbon from the site of injection into the 
blood, and not the rate of chemical change after transference via the blood stream. Thus 
it may be deduced that the more rapid disappearance of benzpyrene from the peritoneal 
cavity is due in part at least to the large surface which exists there, compared with that 
of the single oily globule in the case of subcutaneous injection. 

The original purpose of this investigation was to compare the carcinogenicity and the 
rate of disappearance of benzpyrene, when injected subcutaneously, with those fol- 
lowing intraperitoneal injection, in order to derive further evidence as to whether carcino- 
genesis is dependent on the presence of the unchanged carcinogen or on the action of some 
of its metabolic products. The present results show that the site of injection from which 
benzpyrene disappears more slowly is that in which tumours develop more readily. This 
favours the view that carcinogenesis is dependent on persistence of unchanged benz- 
pyrene. 


SUMMARY 


A study was made of the rate of disappearance and the carcinogenicity of 3:4-benzpyrene 
in mice when amounts varying from 20 to 10,000ug. in sesame oil were injected sub- 
cutaneously or intraperitoneally. 

Benzpyrene was found to disappear about 15 times more rapidly from the peritoneal 
cavity than from the subcutaneous tissues. 

From any one site of injection, the rate of disappearance at any given time was found 
to be proportional to the logarithm of the concentration, irrespective of the amount 
originally injected. 

Tumours developed readily at the site of injection when benzpyrene persisted for a long 
time (subcutaneous tissues), while no tumours occurred when the disappearance was rapid 
(peritoneal cavity). 
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With the disappearance of benzpyrene, an intense milky-blue fluorescence in ultra- 
violet light took the place of the characteristic violet fluorescence at the site of injection 
and persisted for many months. This was found to be due to an impurity not readily 
metabolized by the tissues, present in the originally injected benzpyrene. 

During the course of disappearance of benzpyrene from the body, perceptible amounts 
of the unchanged hydrocarbon were detected in the blood stream, separate organs and 
faeces. The results indicate a continuous transfer of unchanged benzpyrene through the 
blood stream, with subsequent rapid destruction accounting for more than 99% of the 
amount which disappears from the body, less than 1% being excreted as unchanged 
benzpyrene. 


One of the authors (R.S.) is indebted to the Nuffield Trust for a personal grant. 
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12. The Component Acids of some Wild Animal and Bird Fats 


By Thomas Percy Hilditch, Ian Charles Sime and (in part) Lionel Maddison, 
- From the Department of Industrial Chemistry, University of Liverpool 


(Received 30 January 1942) 


Knowledge of the component fatty acids and glycerides of fats of land animals is at 
present restricted to comparatively few species, namely, the ‘domestic’ animals such as 
the ox, sheep, pig, horse and a few others; whilst amongst birds only fats of the domestic 
fowl, of a few sea-birds [Lovern, 1938] ahd, to a certain extent, of the goose have received 
detailed study. For the rest, analytical characteristics (saponification and iodine values 
etc.) have been recorded for fats from a number of wild animals, but there is a complete 
lack of data concerning the actual composition of depot or organ fats from the enormous 
range of land animal (including the human) species. This state of affairs stands in marked 
contrast to the very large number of seed and other fats from the vegetable kingdom 
which have now been comprehensively studied, and to the many excellent analyses which 
in recent years have been errens of the component acids of fats from many aquatic animal 
and vegetable sources. 

The present communication deals with the component fatty acids (and, in some in- 
stances, the component glycerides) present in a few wild animal and bird fats. It is 
fragmentary in that it merely records the details of various fats collected for the authors 
by the kindness of Dr R. Child (Director of the Coconut Research Scheme, Ceylon), 
Dr J. R. Vickery (of the Australian Commonwealth Department of Scientific and In- 
dustrial Research), and Dr A. J. E. Cave, Assistant Conservator of the Museum of the 
Royal College of Surgeons, London. The results are probably mainly valuable for the clear 
indications that systematic work on fats from a wide range of land animal species would 
lead to new discoveries of interrelationship between fat composition and biological species, 
together probably with fresh evidence as to the influences of diet, climate and life habit 
on the constitution of depot fats. With the exception of those of the kangaroo, which was 
shot when at large, and the giant panda, which was an inhabitant of the London Zoo- 
logical Gardens, the other fats studied (lion, cat, sloth bear, sacred baboon, Somali sheep, 
emu and goose) were from animals and birds kept in captivity in the Zoological Gardens 
at Colombo. 

It will be convenient to report separately upon each fat before proceeding to discuss 
the results obtained as a whole. 


EXPERIMENTAL* 
Lion fat 


The animal (Panthera leo Pocock), from which the specimen of body fat was taken, had 
been in captivity at Colombo for several years, and had been fed chiefly on beef, supple- 
mented latterly with liver. The fat was solid and was slightly contaminated with protein 
matter; it had sap. equiv. 293-0, 1.v. 41-0, acid value 16-6, and contained 2-6 % of un- 
saponifiable matter. Analytical characteristics do not seem to have been recorded 
previously for lion fat, but Hooper [1912] quoted 1.v. 57-7 for a tiger fat, and Rae [1924] 
1.V. 62-2 for a leopard fat. The more saturated character of the present specimen of lion 
fat may perhaps be connected with the long period spent in captivity by the animal. 


* With the exception of the kangaroo fat, which was examined by Dr L. Maddison, the experimental work 
embodied in this communication was carried out by Mr I. C. Sime.—T. P. H. 
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The data obtained from the ester-fractionation analysis of the mixed fatty acids (95 g.) 
are summarized in Table 1. 


Table 1. Component acids of lion body fat 


‘Solid’ ‘Liquid’ Fatty acids 
acids acids —_—__*""— 
Acid (50-6 %) (49-4 %) Total % (wt.) % (mol.) 
1:3 1-4 . 
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From the acids in appropriate ester-fractions n-decanoic acid (M.P. 31—-32°), myristic, 
palmitic. and stearic acids were identified, whilst oleic acid was identified after oxidation 
to 9:10-dihydroxystearic acid, M.P. 132°; no tetrahydroxystearic acids corresponding 
with octadecadienoic acid were definitely isolated, and the highest 1.v. observed in the 
methyl ester-fractions of unsaturated C,, acids (83-1) also indicated the probable absence 
of polyethenoid C,, acids. 

Cat fat 
The body fat of a cat from the Colombo Zoological Gardens, stated to be a domestic 
animal the diet of which was not known, was a pale yellow solid at room temperature and, 
like the lion fat, was accompanied by a small proportion of protein. The purified fat had 
sap. equiv. 281-7, 1.v. 43-6 and contained 0-6 % of unsaponifiable matter; its high acid 
value (64-4) indicated that considerable hydrolytic rancidity had occurred. Amthor & 
Zink [1897] recorded 1.v. of 57-8 and 54-5 respectively for fats from European wild and 
domestic cats. Turner [1931] reported saturated fatty acids (methyl esters, sap. equiv. 
226 and 253), which were liquid at room temperature, from the kidney tissue fat of the cat, 
but evidence of the presence of such acids in the body fat of the cat was not obtained by us. 

Kster-fractionation etc., of the mixed fatty acids (63-7 g.) of the cat fat led to the fatty 

acid composition given in Table 2. 


Table 2. Component acids of cat body fat 
‘Solid’ ‘Liquid’ Fatty acids 


acids acids ————* 
Acid (46-0 %) (540% Total % (wt.) % (mol.) 
2-4 2-4 2-4 
1:3 3-6 
6 29-0 ‘ 
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Myristic 
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Stearic 
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The acids from the two lowest-boiling fractions of the methy] esters of the ‘liquid’ acids 
(respectively sap. equiv. 221-3, 256-3, 1.v. 17-7, 44-4) were oxidized at 0° with dilute 
alkaline permanganate solution and the saturated acids separated, by crystallization from 
light petroleum, from dihydroxy-acids produced by the oxidation. The saturated acids 
were all solid at room temperature and melted at 47° (acids from fraction L1) and 54—55° 
(acids from fraction L2); they accorded respectively with mixtures of about 30% lauric 
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with 70% myristic, and of about 30% myristic with 70% palmitic acid. The liquid 
saturated acids observed by Turner [1931] in the kidney tissue fat of the cat are eam: 
not present in its depot fats. 

The major components, palmitic, stearic and oleic acid were also identified, the last 
named by conversion into the 9:10-dihydroxystearic acid, M.P. 129-130°. 





Kangaroo fat 


The body fat sent to us by Dr J. R. Vickery was collected from a kangaroo shot by 
Dr J. H. Riches of the National Field Station, Cunnamulla, Queensland, and identified 
by the Australian Museum, Sydney, as a young adult Great Grey Kangaroo (Macropus 
major). Owing to prevailing drought the animal was not rich in fat. The fat was a soft white 
solid at room temperature, sap. equiv. 285-0, 1.v. 50-1, unsaponifiable 0-2 %, acid value3-4. 

In spite of the small quantity available, the fat (144-4 g.) was resolved into two frac- 
tions by systematic crystallization from acetone at —10°, and the component acids of 
each fraction determined, in order to obtain an approximate idea of the component 


glycerides present. 
Table 3 summarizes the component acid data for the two fractions of the fat. 


Table 3. Component acids of fractions A and B of kangaroo body fat 
Fatty acids 


‘Solid’ ‘Liquid’ Oo 
Acid acids acids Total % (wt.) % (mol.) 
Fraction A (insoluble in acetone at — 10°, 48-3 g., 1.v. 29-9) 
Myristic 4:8 2-0 6-8 6-8 8-0 
Palmitic 27-7 4:9 32-6 32-6 34:3 
Stearic 23-9 _- 23-9 23-9 22-7 
Arachidic 2-5 -- 2-5 2-5 2-1 
Tetradecenoic _— 0-2 0-2 0-2 0-3 
Hexadecenoic — 1-2 1-2 1-2 13 
Oleic 6-7 24-9 31-6 31-7 30-3 
Octadecadienoic — 0-3 0-3 0-3 0-3 
Unsaturated Coo 92 — 0-8 0-8 0-8 0-7 
Unsaponifiable 0-1 — 0-1 — - 
Fraction B (soluble in acetone at — 10°, 96-1 g., 1.V. 59-4) 

Lauric =: 0-3 0-3 0-3 0-4 
Myristic 0-7 2-9 3-6 3-6 4-4 
Palmitic 16-2 5-7 21-9 21-9 23-4 
Stearic 9-1 - 9-1 9-1 8-8 
Arachidic 1-0 — 1-0 1-0 0-9 
Tetradecenoic ~- 0-5 0-5 0-5 0-6 
Hexadecenoic = 3-4 3-4 3-4 3-7 
Oleic 4:3 48-3 52-6 52-6 50-9 
Octadecadienoic _— : 38 38 3-8 3-7 
Unsaturated Cy5_o. 3-7 3-7 3-8 3-2 
Unsaponifiable 0. 1 — 0-1 —_ = 


(Owing to enemy action, the acids from the residual fractions of the esters of both ‘liquid’ acids were lost 
before their possible content of unsaponifiable matter had been determined, and it was therefore not possible 
to distinguish between unsaponifiable matter and the presence of unsaturated Cyo_.. acids; the data are 
expressed, in accordance with the small proportions of unsaponifiable matter known to be present, in terms 
of assumed unsaturated Cy, and Cy» acids.) 


From the component acids in fractions A and B of the kangaroo fat those of the whole 
fat may be calculated, whilst a general idea of the component glycerides can also be ob- 
tained by the assumption (which will not be quite accurate) that di-‘oleo’-glycerides are 
absent from fraction A, and tri-unsaturated glycerides from fraction B (Table 4). 

The kangaroo fat thus consists largely of a mixture of ‘oleo’-palmitostearin and 
palmitodi-‘olein’, with some ‘oleo’-dipalmitin and minor amounts of stearodi-‘olein’ and 
palmitostearins (and possibly a little tri-‘olein’). 
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Table 4. Component acids and possible component glycerides of kangaroo body fat 


Fraction A Fraction B Whole fat 
Wt. of fraction (g.) 48-3 96-1 144-4 
LV. 29-9 59-4 50-1 
Sap. equiv. 282-4 286-2 285-0 
Glycerides % (wt.) 33-5 66-5 
Glycerides % (mol.) 33-8 66-2 
ie ad ee ee 
Component acids (increments): % (mol.) % (mol.) % (wt.) % (mol.) 
Lauric — 0-2 0-2 0-2 
Myristic 2-7 2-9 4:7 5-6 
Palmitic 11-6 15-5 25-5 27-1 
Stearic 7-7 5-8 14-1 13-5 
Arachidic 0-7 0-6 1-5 1-3 
Tetradecenoic 0-1 0-4 0-4 0-5 
Hexadecenoic 0-4 2-5 2-7 2-9 
Oleic 10-3 33-7 45-5 44-0 
Octadecadienoic 0-1 2-4 2-6 2-5 
Unsaturated Cy.» 0-2 2-2 2-8 2-4 
Groups of component acids (increments): 
Palmitic (+C,,, Cy») 14:3 18-6 —_ 32-9 
Stearic ( +Cy) 8-4 6-4 — 14-8 
Unsaturated (C,,_+C,,4) 0-5 2-9 — 3-4 
(Cyg + Coo, Cos) 10-6 38-3 — 48-9 


Probable component glycerides (approx.) 
Fully saturated (0-5 %): 
Palmitostearins 0-5 _ — 0-5 
Mono-‘oleo’-disaturated (50-8 %): 


Hexadecenopalmitostearin 1-6 = — 1-6 

*Oleo’-dipalmitin 8-9 — —_— 8-9 

‘Oleo’-palmitostearin 22-9 17-4 -— 40-3 
Di-‘ oleo’-monosaturated (48-7 %): 

Palmitodi-‘olein’ — 47-0 oe 47-0 

Stearodi-‘olein’ — 1-7 — 1-7 


Somali sheep fat 


The Somali or ‘fat-tailed’ sheep, found chiefly in Asia Minor and Persia, is peculiar in that 
its tail serves as an additional fat depot. The fat now studied, however, was from the rump 
of an animal of this species which had been in the Colombo Zoo for about 7 years, during 
which period it had been fed chiefly on greenstuff with concentrates (probably mainly 
coconut cake). The fat was a soft white solid with a consistency resembling that of lard 
rather than ordinary sheep tallow. It had sap. equiv. 289-1 1.v. 49-0, unsaponifiable 
matter 0-5°%, and was somewhat rancid when received (acid value 52-0). 

The determination of component fatty acids of the Somali sheep-rump fat (75 g.) gave 
the results shown in Table 5. 


Table 5. Component acids of Somali sheep rump fat 


‘Solid’ ‘Liquid’ Fatty acids 
acids acids 
Acid (35-0 %) (65-0 %) Total - % (wt.) % (mol.) 

Myristic 0-5 1-7 2-2 2-2 2-7 
Palmitic 17:3 5-6 22-9 23-0 24-6 
Stearic 14-8 —— 14-8 14-9 14:3 
Tetradecenoic a 0-3 0-3 0-3 0-4 
Hexadecenoic — 2-5 2-5 2-5 2-7 
Oleic 2-4 53-0 55-4 55-7 54-0 
Octadecadienoic — 0-8 0-8 0-8 0-7 
Unsaturated Coo 22 — ~  * 06 0-6 0-6 0-6 
Unsaponifiable Trace 0-5 0-5 _— _ 


From appropriate ester-fractions, myristic, palmitic and stearic acids were formally 
identified, and 9:10-dihydroxystearic acid, M.P. 129-5° and 9:10-dihydroxypalmitic 
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acid, M.P. 123-5°, were also isolated by alkaline permanganate oxidation of acids from 
fractions rich in oleic and hexadecenoic esters respectively. No crystalline tetrahydroxy- 


stearic acids were obtained. 
Ceylon or sloth bear fat 


A comparatively large specimen (ca. 600 g.) of the body fat of a young Ceylon or sloth 
bear (Melursus ursinus Shaw) was submitted from Colombo; the animal had not been long 
in captivity, during which it had been fed on rice and sugar with occasional meat. The 
natural diet of the sloth bear is mainly herbivorous (largely fruits), supplemented by 
honey and sometimes insects (especially white ants) and young birds and eggs. 

The fat, which was almost free from rancidity (acid value 1-8), was almost colourless 
and odourless and barely solid at room temperature. It had sap. equiv. 282-4, I.v. 60-3, 
and contained 0-8 % of unsaponifiable matter. 

The amount of material available permitted determination of the component acids in 
the whole fat (Table 6) and also resolution of a larger portion into several fractions, from 
the component acids in each of which information as to the component glycerides of the 
bear fat was obtained (Table 7). 


Table 6. Component acids of Ceylon bear body fat 


‘Solid’ ‘Liquid’ Fatty acids 
acids acids —_—— at!" 
Acid (31-0 %) (69-0 %) Total % (wt.) % (mol.) 

Mpristic 1-0 2-5 2- , 
Palmitic 3-3 28-5 
Stearic 3-4 
Tetradecenoic 1-4 
Hexadecenoic 10-5. 
Oleic 50- 
Octadecadienoic 
Unsaturated Cy5_ 99 
Unsaponifiable Trace 
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Palmitic acid (M.P. 62°) was identified in the acids of some of the ester-fractions of the 
‘solid’ group; appropriate ester-fractions of the unsaturated group yielded acids which, on 
oxidation with alkaline permanganate, gave respectively 9:10-dihydroxypalmitic acid, 
M.P. 124°, and 9:10-dihydroxystearic acid, M.Pp. 129-5°, thus confirming the presence of 
hexadecenoic and oleic acids. No tetrahydroxystearic acids were obtained, nor did the 
unsaturated C,, acids from ester-fractions consisting wholly of these yield any crystalline 
bromo-derivatives. 

Systematic crystallization of the bear fat (369 g.) from acetone at varying concentrations 
and temperatures (from 0 to —30°) resolved it into five fractions, the component acids in 
each of which were determined by lead salt-alcohol separation and ester-fractionation. 
From the resulting data the probable main component glycerides of the fat can be approxi- 
mately suggested (Table 7). 

The chief components are di-unsaturated glycerides and, owing to the presence of 
nearly 14°% of hexadecenoic (and lower unsaturated) acids, over 20 °% of palmito-hexa- 
deceno-‘ oleins’ accompanies palmitodi-‘ olein’, which forms about 45 % of the bear fat. The 
tri-unsaturated glycerides present are also probably wholly mixed hexadeceno-‘oleins’. 

Few previous data exist for bear fats. Hoyt [1934] studied the back and hind quarter 
fats of the American black bear (Ursus americanus) and found that the back fat contained 
about 16% saturated and 84°%% unsaturated (1.v. 98-8) acids, whilst the hindquarter fat 
component acids were made up of about 33% saturated and about 67% unsaturated 
(1.v. 82-8) acids. For some other bear fats iodine values have been recorded as follows: 
Ceylon bear, 56-7, 60-7 [Rae, 1922]; Himalayan bear (U. torqguatus Wagner), 52-7, 62:8 
[Hooper, 1908]; brown bear (U. arctos), pancreatic 98-5, perinephric 107-4 [Raikow, 1904], 
femoral 80-7 [Schneider & Blumenfeld, 1906]. 
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Table 7. Probable component glycerides (°% mol.) present in. Ceylon bear fat 


Fraction... A B Cc D E Whole fat 
Wt. of fraction (g.) 12-9 59-3 201-8 37-5 57-5 369-0 
LV. 12-7 39-8 59-6 76-6 83-7 
Sap. equiv. : 274-5 280-4 282-3 286-5 279-0 
Glycerides % (wt.) 3-5 16-1 54-7 10-2 15-5 
Glycerides % (mol.) 3-6 16-2 54-5 10-0 15-7 
Component acids (increments): 
Lauric — ~ —- — 0-5 0-5 
Myristic 0-6 0-5 2-3 0-5 0-5 4-4 
Palmitic 1-7 7:3 16-5 1-4 1-1 28-0 
Stearic 0-7 13 0-4 — -: 2-4 
Dodecenoic — — a — 0-4 0-4 
Tetradecenoic _ 0-2 0-4 0-3 0-7 16 
Hexadecenoic — 0-7 5-6 1-5 4-0 11-8 
Oleic 0-6 6-0 28-7 6-1 7-7 49-1 
Octadecadienoic os 0-2 0-6 Trace 0-3 1-1 
Unsaturated Coo_29 — oa Trace 0-2 0-5 0-7 
Groups of component acids (increments) : 
Palmitic (+C,,, Cy») 2-3 7:8 18-8 1-9 2-1 32-9 
Stearic 0-7 1-3 0-4 = _- 2-4 
Hexadecenoic (+C,4, Cy») — 0-9 6-0 1-8 5-1 13-8 
“Oleic’ ( +Coo_29) 0-6 6-2 29-3 6-3 8-5 50-9 
Probable component glycerides (approx.) 
Fully saturated (1-8 %): 
Dipalmitostearin 1-8 — a = — 1-8 
Mono-‘oleo’-disaturated (16-2 %): 
‘Oleo’-dipalmitin 1-6 7-4 1-8 — — 10-8 
‘Oleo’-palmitostearin 0-2 4-0 1-2 -= — 5-4 
Di-unsaturated-mono-saturated (68-2 %): 
Palmito-hexadeceno-‘ olein’ --- 2-6 18-1 Nit-l-1 Nil-5-8 20-7-27-6 
Palmitodi-‘olein’ -- 2-2 33-4 5-7-46 6-2-0-4 47:5-40-6 


Tri-unsaturated (13-8 %): 
Dihexadeceno-mono-‘ olein’ — — — 1-1-nil 5-8- 
Hexadecenodi-‘ olein’ — 


il 6-9-nil 
6-9-13-8 





Giant panda fat 
A specimen of fatty tissue from between the anterior abdominal wall musculature and the 
peritoneum of a giant panda (Ailuropoda melanoleuca) which had died in the Zoological 
Gardens, London, was kindly supplied to us by Dr A. J. E. Cave, who dissected it. This 
animal lives at high altitudes (10,000—14,000 ft.) in the mountains of south-west China and 
is believed to feed exclusively on bamboo, the debris of which has been observed by Dr 
Cave in food pockets between the teeth of fresh skulls. The panda is remarkable as an 
ancestrally carnivorous animal which has become purely herbivorous, and is classed as a 
Procyonid. 

The abdominal fatty tissue (182 g.) gave on extraction with acetone 4-1 % of non-fatty 
tissue and 92-6 % of a white fat, barely solid at room temperature, which had sap. equiv. 
283-4, 1.v. 64-8, acid value 3-0, and contained only traces (0-1 %) of unsaponifiable matter. 
Its component acids, as determined by ester-fractionation, are given in Table 8. 

The major component acids are oleic, palmitic and octadecadienoic acids; these, and 
also myristic acid, were definitely isolated and identified. The unsaturated C,, acids were 
studied in the case of ester fractions whose 1.v. (103-7) indicated a mixture of about 80% 
oleic and 20 % ectadecadienoic acids. The mixed acids (4:3 g.), oxidized at 0° with dilute 
alkaline permanganate, yielded 1-5 g. 9:10-dihydroxystearic acid, M.P. 131°, and 0-4 g. 
of tetrahydroxystearic acid, M.P. 155°; another portion (3-6 g.) furnished 0-5 g. of tetra- 
bromostearic acid, M.P. 115°, on addition of bromine to a light petroleum solution. The 
diethenoid acid present, therefore, gave about 40 % of the theoretical yields both of tetra- 
hydroxystearic acid, M.P. 155°, and of the tetrabromostearic acid, M.P. 115°, indicating 
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Table 8. Component fatty acids of giant panda abdominal fat 


‘Solid’ ‘Liquid’ Fatty acids 

acids acids A 
; Acid (34-8 %) (65-2 %) Total % (wt.) % (mol.) 
Lauric 0-1 0- 0-4 
Myristic 3-4 a 
Palmitic 24-1 . 
Stearic 6-7 
Tetradecenoic — 
Hexadecenoic _— 
Oleic : 0-5 
Octadecadienoic — 1- 
Unsaponifiable Trace 0- 


bo 
Bou 
o 
2 
a 


SHWeSoEsd 
HOM AOI 
he SOR mo 


Ts 


that it consisted very largely of ‘seed fat’ linoleic acid. It is accordingly probable [cf. 
Hilditch et al. 1939] that the unusually high content (for an animal depot fat) of octa- 
decadienoic acid represents linoleic acid assimilated from the herbivorous diet of the 
panda. 
Sacred baboon fat 


A specimen of abdominal fat from the body of a sacred (or dog-faced) baboon (Papio 
hamadryas) which had lived many years in the Colombo Zoological Gardens was ex- 
amined. In the wild state this species feeds chiefly on insects, small animals, fruit, berries 
and roots of edible grasses ; the diet of the animal during captivity was, so far as is known, 
chiefly boiled rice and fruit. 

The fat was a pale greenish-yellow coloured liquid at room temperature, with sap. 
equiv. 286-5, I.v. 77-0, acid value 8-4, and unsaponifiable matter 0-1 °%. The component 
fatty acids were determined directly on one portion of the fat (68 g.), whilst another 
(39 g.) was first resolved into two fractions by crystallization from acetone (195 c.c.) 
at —10°. 

The results of lead salt-alcohol separation and ester-fractionation of the mixed acids 
from the whole fat are summarized in Table 9. 


Table 9. Component acids of sacred baboon abdominal fat 


‘Solid’ ‘Liquid’ Fatty acids 
acids acids — OS 

Acid (26-0 %) (74:0 %) Total % (wt.) % (mol.) 
Myristic . 
Palmitic 
Stearic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsaturated Cyo_»2 
Unsaponifiable Trace 
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Palmitic and stearic acids were isolated and identified from appropriate ester-fractions. 
The acids from ester-fractions (1.v. 103-3) which consisted wholly of a mixture of about 
80% oleic and 20% octadecadienoic acids gave, on addition of bromine to a light . 
petroleum solution, a yield of about 25% of theory of the tetrabromostearic acid, M.P. 
114-5°; whilst alkaline permanganate oxidation at 0° furnished only very small yields of 
tetrahydroxystearic acid, M.P. 155° (with larger amounts of the 9:10-dihydroxystearic 
acid, M.P. 129°). The linoleic acid of seed fats was thus present in some quantity, probably 
derived from the diet. 

The proportion of palmitic acid was unexpectedly low and the small quantity of fat 
which remained was submitted to analysis after separation into two portions by crystal- 
lization from acetone, partly in order to check this result, and also to afford a rough indica- 
tion of the component glycerides present. The results are briefly summed up in Table 10. 
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Table 10. Component acids (% mol.) of sacred baboon fat fractions from acetone 









Fraction A B Whole fat Fraction A B Whole fat 

Wt. of fraction (g.) 13-6 25-1 38-7 Component acids (increments): 

LV. 66-4 84-1 Myristic 2-0 0-7 2-7 

Sap. equiv. 286-5 286-9 Palmitic 6-0 12-5 18-4 

Glycerides % (wt.) 35-1 64-9 Stearic 6-2 1-4 76 

Glycerides % (mol.) 35-2 64-8 Tetradecenoic 0-4 0-8 1-2 
Hexadecenoic 2-4 4:3 6-8 
Oleic 15-3 34-8 50-1 
Octadecadienoic 2-4 10-1 12-5 
Unsaturated Coo_99 0-5 0-2 0-7 








This further analysis confirms that the palmitic acid content of the baboon fat does not 
exceed 20%, and suggests that the chief component glycerides are palmitodi-‘oleins’, 
(ca. 40%), stearodi-‘oleins’ (15°) and some palmito-hexadeceno-‘oleins’ (ca. 15%), 
with some 20% of triunsaturated glycerides, probably mainly linoleodiolein with some 
hexadecenodi-‘oleins’ ; a little ‘oleo’-palmitostearin and very small proportions of palmi- 

tostearins may also be present. 








Emu fat 


The subcutaneous tissue fat of an Australian emu (Dromalus novae-hollandiae Lath.) 
which had lived for many years in the Colombo Zoological Gardens was submitted for 
study. The natural diet of the bird is fruit, roots and herbage; in captivity it had been fed 
on various grains and concentrates. The fat was a white solid at room temperature, sap. 
equiv. 288-2, 1.v. 65-8, unsaponifiable matter 0-3 %. 

The component acids were determined on the mixed fatty acids from 100 g. of the emu 
fat (Table 11). 

Table 11. Component fatty acids of emu subcutaneous fat 
















‘Solid’ ‘Liquid’ Fatty acids 
acids acids —_—_—— 
Acid (29-3 %) (70-7 %) Total % (wt.) % (mol.) 

Myristic — 0-9 0-9 0-9 1-1 
Palmitic 15-8 1:7 17-5 17-5 18-8 
Stearic 10-1 — 10-1 10-1 9-9 
Arachidic 0-6 — 0-6 0-6 0-5 
Tetradecenoic — 0-9 0-9 0-9 1-1 
Hexadecenoic = 2-1 2-1 2-1 2-3 
Oleic 2-6 59-3 61-9 62-2 60-8 
Octadecadienoic = 5-2 5-2 5-2 5-1 
Unsaturated Cyp_20 a 0-5 0-5 0-5 0-4 
Unsaponifiable 0-2 0-1 0-3 — — 






Palmitic, stearic and arachidic acids were definitely identified in specific fractions of 
the esters of the saturated group of acids, whilst the acids from an ester-fraction con- 
taining only unsaturated C,, acids yielded on oxidation with cold alkaline permanganate 
solution the 9:10-dihydroxystearic acid, m.P. 129°, but no crystalline tetrahydroxy- 
stearic acid was detected. 

Morrison [1926] has recorded the following partial analysis for an emu perinephric fat: 
40 % of acids (palmitic and stearic) from ether-insoluble lead salts, and 60 % of acids from 
ether-soluble lead salts, with 1.v. 124-5 and yielding etlier-insoluble bromo-additive com- 
pounds corresponding to 11 % of linolenic acid. 











Grey-goose fat 





The grey lag goose (Anser anser) is considered to be the immediate ancestor of the 
domestic goose. The fat (from the abdominal cavity) examined was from a bird reared in 
captivity at Colombo, whose diet probably included coconuts as such and in the form of 
coconut oil cake. It was solid at room temperature, and had developed hydrolytic 
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rancidity (acid value 41-2). It had sap. equiv. 269-7, 1.v. 57-1 and contained 0-2 % of 
unsaponifiable matter. 

The results of ester-fractionation determination of the fatty acids from the grey-goose 
fat (60 g.) are summarized in Table 12. 


Table 12. Component fatty acids of grey-goose abdominal fat 
‘Liquid’ Fatty acids 


acids acids — HT 
Acid (25:0 %) (75-0 %) Total % (wt.) % (mol.) 
12-2 12:3 15-8 
3-8 8-2 
5-9 20-3 
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Myristic, palmitic and stearic acids were identified in appropriate fractions of the methyl 
esters of the ‘solid’ acids, and an ester-fraction containing only unsaturated C,, acids 
gave, on oxidation with dilute alkaline permanganate at 0°, 9:10-dihydroxystearic acid, 
M.P. 129°, but no crystalline tetrahydroxystearic acids. From the two lowest-boiling 
fractions of the esters of the ‘liquid’ acids (sap. equiv. 215-8, 216-3, Lv. 1-5, 1-5 re- 
spectively), lauric acid was isolated and identified by M.P. and mixed M.P. 

From the equivalents and iodine values of the ‘solid’ and ‘liquid’ fatty acids obtained 
by lead salt-ether separation, or of those of the saturated fatty acids isolated by the 
Bertram [1925] oxidation process, from domestic goose fat, Grossfeld [1930; 1931] sug- 


gested a fatty acid composition of palmitic 21, stearic 11, oleic 49 and linoleic 19%; but 
pointed out that the palmitic acid content, calculated from the equivalent of the total 
mixed fatty acids, was much higher than that calculated from that of the separated 
‘solid’ acids, and attributed the discrepancy to the presence of fatty acids of lower mol. 
wt. than palmitic acid (v. infra, p. 109). 


DISCUSSION 
I. The animal fats 


The weight and molar percentages of the component acids of the seven animal fats 
described in the previous pages may be compared (Table 13). 

The palmitic acid content of these fats may first be considered. With the exception of 
the fats of the baboon and the Somali sheep, the molar percentage of palmitic acid in all 
cases falls within the limits of 30+3°% which Hilditch & Longenecker [1937] concluded 
to be characteristic for nearly all tallows (ox and sheep depot fats) and other workers have 
also observed in the body fats of the pig and several other herbivorous mammals [cf. 
Hilditch, 1940]. The somewhat lower proportion of palmitic acid in the Somali sheep fat is 
fully in accordance with recent observations on the domestic sheep [Hilditch & Pedelty, 
1941], which show the palmitic acid content of sheep body fats to lie usually within the 
limits of 24-5-28-5 % (mol.). The only real exception in the present series is that of the 
baboon fat, in which palmitic acid forms only about 20°% (mol.) of the fatty acids. 

The most striking feature of the present observations, however, is the very close 
resemblance of the fatty acids (including both major and minor components) of the lion, 
cat, kangaroo and Somali sheep fats to those of other ‘stearic-rich’ depot fats in the ox, 
sheep and pig groups of domestic herbivorous animals. This is not unnatural in the case 
of the Somali sheep, but it is perhaps remarkable that wholly carnivorous animals like 
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Table 13. Component acids of depot fats of seven wild animals 
Somali Ceylon Giant Sacred 


Lion Cat Kangaroo sheep bear panda _ baboon 
Weight percentages 
Decanoic 1-4 a“ — — — — 
Lauric 1-1 2-4 0-2 — a 0-4 — 
Myristic 4-9 3-6 4-7 2-2 2-6 5-0 3-2 
Palmitic 28-9 29-2 25-5 23-0 28-7 26-4 18-9 
Stearic 17-8 16-6 141 14-9 3-4 6-7 5-8 
Arachidic 0-1 -- 1-5 -— _- — — 
Tetradecenoic 0-6 1-2 0-4 0-3 1-4 0-9 0-8 
Hexadecenoic 1-9 4:3 2-7 2-5 10-6 3-6 3-8 
Oleic 40-3 40-8 45-5 55-7 50-5 45-1 53-8 
Octadecadienoic = 1-9 2-6 0-8 1-0 11-9 13-2 
Unsaturated Cyo_95 3-0 Trace 2-8 0-6 1-8 -—— 0-5 
Molar percentages 
Decanoic 2-1 —- oo —: _ — _ 
Lauric 1-5 3-3 0-2 —- -- 0-6 _- 
Myristic 5-7 4-2 5-6 2-7 3-0 5-8 3-9 
Palmitic 30-3 30-5 27-1 24-6 30-2 27-8 20-2 
Stearic 16-8 15-6 13-5 14-3 33 6-4 5-6 
Arachidic Trace — 1:3 — - — —- 
Tetradecenoic 0-8 1-4 0-5 0-4 1-6 1-0 1-0 
Hexadecenoic 1-9 4-5 2-9 2-7 ~ 11-2 3-9 4-1 
Oleic 38-3 38-7 44-0 54-0 48-2 43-1 2-1 
Octadecadienoic a 1-8 2-5 0-7 1-0 11-4 12-7 
Unsaturated Cyo_90 2-6 Trace 2-4 0-6 1-5 — 0-4 


the lion and cat whose diet is largely protein, and a marsupial so widely removed from our 
domestic mammalia in the evolutionary system, should elaborate fat reserves almost 
indistinguishable in composition from those of the common herbivorous farm animals. 

All the fats (except that of the panda) were found to contain traces of unsaturated 
acids of the C,) and C,, groups, those of the lion and kangaroo containing over 2% of 
these constituents. In this respect the present group of fats is exactly similar to those of 
the ox, sheep, pig, rat etc. The presence of only traces of these acids in the cat fat suggests 
incidentally that fish had not formed any appreciable pes of the diet of the animal 
concerned. 

The presence of small proportions of lauric acid in the hin and cat fats (and of decanoic 
acid in the-lion fat) is somewhat curious. Conceivably, these acids might be derived, 
indirectly or, so to speak, at second hand, from acids assimilated from coconut cake by 
the animals whose flesh was eaten by the lion and cat at Colombo, but on the other hand 
lauric acid was not observed in the fats of the Somali sheep and emu, which are known to 
have received concentrates of which coconut cake would be a constituent. 

In contrast to the resemblances mentioned to farm animal depot fats, the fats from 
three of the animals studied—the Ceylon bear, giant panda and sacred baboon—show 
marked dissimilarities from the more usual type of animal body fat. Of these three fats (all 
of which are relatively poor in stearic acid) the bear fat is noteworthy for its unusually high 
content of hexadecenoic acid, which incidentally was shown, by the more detailed exami- 
nation made, to be present in about one-third of the molecules of triglycerides of the fat. 
The diet of the animal apparently differed little from that of the baboon (the fatty acids 
of which contained only the usual minor proportions of hexadecenoic acid), and some 
other cause than food must apparently be considered. It is evident that detailed study 
of fats from a wider range of bear species would be interesting. 

The fats of the giant panda and the sacred baboon contained unusually large propor- 
tions of octadecadienoic acid, which proved to be the characteristic vegetable or seed fat 
linoleic acid and not the ill-defined isomerides which are found in the ox or sheep depot 
fats and milk fats. This suggests the possibility in these instances of assimilation of linoleic 
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glycerides from the vegetables food supplied but, again, the bear (fed on a similar diet 
to that of the baboon) laid down only very minor quantities of octadecadienoic glycerides. 
The linoleic acid content of the panda fat is the only feature which places it apart from 
the usual type of low-stearic animal body fat, but the sacred baboon fat is characterized 
not only by similar high linoleic acid content, but by its comparatively low proportions of 
palmitic acid. Here again is an indication that detailed study of fats of the Primates 
(including man), which has been wholly neglected up to the present, may yield results of 
considerable interest. ; 

Fragmentary as the data in this communication admittedly are, it is at least clear that 
no general correlation can be made between the composition of the body fats of the 
animals, either with diet, or with other factors such as climate etc. We meet, on the one 
hand, animals of extremely divergent species and origin, feeding on widely differing diets, 
with body fats of closely similar composition; and, on the other hand, we have en- 
countered definite peculiarities in one or more component acids of the body fats of | 
other animals, the herbivorous diets of which were on the whole very similar. In the 
latter instances it would appear that biological differences may have a definite influence, 
but the accumulation of many more data is obviously requisite before any clear view can 
be formulated. 

II. Emu and grey-goose fats 


The weight and molar percentages of the component acids in these two bird fats are 
quoted in Table 14, together with (for comparison) those of the abdominal fat of a 2 years’ 
old domestic fowl (Light Sussex hen) previously analysed by Hilditch et al. [1934]. 


Table 14. Component acids of emu, grey-goose and hen body fats 


Weight percentages Molar percentages 
chsh wn : ee 
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Emu Light Emu Light 
(sub- Grey-goose Sussex hen (sub- Grey-goose Sussex hen 
cutaneous) (abdominal) (abdominal) cutaneous) (abdominal) (abdominal) 
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The palmitic acid content of bird fats (including sea-birds [Lovern, 1938]) appears, in 
the few instances available, to be generally lower than that of land animals, and is 
frequently not more than 20% (mol.) of the total fatty acids. 

The emu fat, although only containing 19 % of palmitic acid, had about 10 % of stearic 
acid in its component acids, whilst the main component was oleic acid (61 % mol.). In its 
minor proportions of octadecadienoic and hexadecenoic acids, with traces of myristic, 
arachidic, tetradecenoic and unsaturated Cy». acids, as well as in its content of palmitic 
and stearic acids, it shows considerable general resemblance to depot fats of the larger 
land animals. It differs from these in a very high content of oleic acid and in the definitely 
lower proportion of palmitic acid. 

The fatty acids of the grey goose have resemblance in their unsaturated components to 
the corresponding acids of land animal depot fats, but differ in respect of the saturated 
acids; here there are notable proportions of lauric acid and the myristic acid content is 
also somewhat high. It is possible, but not certain, that some of the lauric and myristic 
glycerides are the result of assimilation of coconut cake. 
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As already mentioned, Grossfeld [1930; 1931] was able to suggest, by partial analysis 
of goose and hen body fatty acids, that fatty acids of lower molecular weight than 
palmitic acid were present. In the case of hen body fats, Hilditch et al. [1934] showed that 
Grossfeld’s results were to be explained not by the presence of saturated acids of lower 
molecular weight than palmitic but by that of an unsaturated acid (hexadecenoic) of 
lower molecular weight than oleic acid; and that the component acids of hen body fats 
included about 7 % (mol.) of hexadecenoic acid. To conclude that this was characteristic 
for all bird fats is shown to be incorrect by the present studies of grey goose and emu fats, 
whose component acids both contain only 2-3 % (mol.) of hexadecenoic acid. The figures 
for the grey-goose fat support, in fact, Grossfeld’s original suggestion, for 25% (mol.) of 
the component acids are made up of lauric and myristic acids. 

It is hoped in due course to return to this matter and to undertake studies by the 
modern technique of the body fats of the domestic goose and other domestic and wild 
birds. 

SUMMARY 


The clisiaaaaa acids of the body fats of seven animals and two birds not hitherto studied 
have been examined in detail. : 

Four of the fats—those of the lion, cat, kangaroo and Somali sheep—closely resembled 
in quantitative composition the ‘stearic-rich’ depot fats of domestic herbivorous mam- 
mals, in spite of great differences in the various species (carnivorous feline, herbivorous 
marsupial and herbivorous ovine). 

The three remaining animal fats—from the Ceylon bear, giant panda and sacred baboon 
—differed materially in one respect or another from the more usual depot fatty acid 
composition. Those of the Ceylon bear and giant panda had the typically high land animal 
content of palmitic acid, but the bear fatty acids included 11% of hexadecenoic acid, 
whilst the panda fat contained about the same proportion of ordinary or ‘seed fat’ linoleic 
acid. The baboon fat also contained a similar amount of linoleic acid, whilst its palmitic 
acid content was unusually low. 

The range of species from which the materials were drawn is too fragmentary and re- 
stricted to permit of any general conclusions being made, and the scope for much wider 
research in this field is clear. ‘ 

Of the two bird fats, that of the emu resembles the fats of land mammalia in many 
respects, but is much richer in oleic acid and somewhat poorer in palmitic acid; the fat of 
the grey goose was characterized by comparatively large amounts of lauric and myristic 
acids, but how far this is due to species or possibly to dietary conditions is at the moment 
uncertain. 
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13. Absorption of Haemoglobin Iron 


By D. A. K. Black* and J. F. Powell, From the Nuffield Department 
of Clinical Medicine, Oxford 


(Received 3 February 1942) 


In studying nitrogen metabolism after alimentary bleeding, we have used the iron content 
of the faeces as a rough measure of the amount of blood effused into the bowel [Black & 
Leese, 1940]. This involved the assumption that a negligible quantity of haemoglobin iron 
is absorbed by the human intestine, and such appears to be the generally accepted view 
[Hahn, 1937; Shohl, 1939]. The published evidence for this opinion is, however, based 
mainly on animal work, is slight in amount, and some of the observations recorded are in 
conflict with the conclusions drawn. Cloetta [1896] gave blood to dogs, and analysed the 
alimentary contents 2 days after ingestion, before any faeces had been passed ; no absorp- 
tion of iron was detected. Lintzell [1931] found in one experiment on man that practically 
all the iron of ingested haemoglobin could be recovered in the stool. On the other hand, 
Elvehjem [1932] observed some increase in blood haemoglobin in anaemic rats after 
feeding haematin and copper salts. Moreover, Bing et al. [1936] found that only about 
10% of ingested crystalline haemin ‘could be recovered in the stools; in one patient, a 
slightly negative iron balance became positive after haemin was given, so it appears that 
the haemin iron was absorbed and retained. It was decided to approach the problem of 
haemoglobin iron absorption directly, in man, by determining the increase in the iron 
content of the faeces after the ingestion of a known amount of haemoglobin iron, so large 
that day-to-day fluctuations in the basal faecal iron could be neglected. 


MeEtTHODS 


Observations were made only on patients whose stools were free from occult blood 
(benzidine and pyramidone tests) ; a diet containing about 8 mg. of iron per day was used 
throughout the experiment. The stools were collected over 3-day periods in porcelain 
vessels. After a control period of 6-9 days, blood was administered by duodenal tube; 
5-8 hr. were taken to run in a litre of blood, and an injection of codeine and atropine was 
given before the blood drip was started. The stool collection was continued until 6 days 
after the faeces were again free from occult blood. Iron analyses on the ingested blood 
and on the faeces were made by the titanous chloride method [Klumpp, 1934]. In view 
of the large sampling error with fresh stool, the samples for iron estimation were taken 
after deflagrating the 3-day stool [Brock & Hunter, 1937]; with this technique duplicate 
samples of normal stools agreed within 2%. 


RESULTS 


The experiment was carried out on two patients with iron-deficiency anaemia, and on one 
normal subject (see Table 1). Within 24 hr. of giving the blood, the stool was tarry, and 
blood was obvious in the stool for 3-4 days, while tests for occult blood remained positive 
for 5-6 days. The detailed results are given in the table; the amount of iron absorbed 
varied from 10 to 25 % of the iron in the blood given. Blood was also given by mouth to 
a third anaemic patient, whose faeces could not be. satisfactorily collected; of the three 
anaemic patients two showed a definite reticulocytosis and rise in blood haemoglobin after 
the giving of blood by mouth; the third (patient 2, who absorbed only 10 % of the iron 
given) showed a slight increase in the reticulocyte count, but no haemoglobin response. 
* Beit Memorial Research Fellow. 
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ABSORPTION OF HAEMOGLOBIN. IRON 


Table 1 


Patient 1. 9. Hypochromic iron-deficiency anaemia. Hb =32 % (Haldane). 


3-day period ... ‘ 1 2 3 4 5 6 
Tron in stool (mg. per ‘soda 12-5 24-6 39-5 201-2 114-5 32-6 
Amount of blood given rE 
Iron content of blood given 334 mg. 
Excess iron recovered in stool 267 mg. 
Percentage of iron absorbed 20 


Patient 2. 9. Hypochromic iron-deficiency anaemia. Hb =42 % (Haldane). 


3-day period ... ; 1 2 3 4 5 6 
Tron in stool (mg. per eeleda 15-3 22-5 342-2 23-2 20-9 9-6 
Amount of blood, given 970 ml. 
Iron content of blood given 359 mg. 
Excess iron recovered in stool 324 mg. 
Percentage of iron absorbed 10 


Patient 3. g. Normal. 


3-day period ... ; 1 2 3 4 5 
Tron in stool (mg. per seataile 39-4 2-3 26-2 115-0 178-8 
Amount of blood given 950 ml. 
Iron content of blood given 313 mg. 
‘Easily split-off iron’ in blood 26-6 mg. 
Excess iron recovered in stool 235 mg. 
Percentage of iron absorbed 25 


Note. In the first and third patients blood was given by mouth after the third period; in the second 
patient blood was given after the second period. 


Discussion 


Of the iron contained in blood, about 5-10 % is detachable from organic combination by 


incubation with 0-8°% HCl—the so-called ‘easily split-off iron’ [Barkan, 1927]; the 
inorganic iron in the serum does not exceed 2 mg./l., and may be neglected for the present 
purpose. It is plain from the results that a larger portion of the iron is absorbed than can 
be accounted for as easily split-off iron; in the third patient an estimation of the easily 
split-off iron in the blood given showed it to be 26-6 mg., or 8-5% of the total iron, 
whereas no less than 25 % of the total iron was absorbed. 

Our type of experiment cannot exclude the possibility that some iron is absorbed and 
re-excreted, but that such a process happens to any significant degree is very unlikely 
[McCance & Widdowson, 1937]. It is of interest, in view of the demonstration by Hahn 
et al. [1939], that anaemic dogs absorb iron much more readily than normal dogs, that our 
anaemic patients seemed to absorb less iron than the normal subject; the explanation 
may lie in the fact that the anaemic patients had complete achlorhydria, whereas the 
control subject had rather high figures for free and total gastric acidity. 

The absorption of iron from haemoglobin is not likely to occur unless the haemoglobin 
has suffered some degree of breakdown in the alimentary tract. It is known that absorp- 
tion of the organically combined iron in meat is increased by the changes brought about 
in cooking [Oldham, 1941], and it seems at least possible that digestive or putrefactive 
processes may cause similar changes in ingested blood. Bing et al. [1936] have shown that 
of the alimentary secretions only gastric juice would break down haemin in vitro; on the 
other hand, faecal bacteria readily destroyed haemin under similar conditions. It may 
be significant that in our second patient, in whom only 10 % of the haemoglobin iron was 
absorbed, there was definite intestinal hurry, with complete evacuation of the blood 
inside a single 3-day period; in the other two subjects, the more gradual evacuation of the 
bowel must have afforded a greater opportunity for the bacterial breakdown of haemo- 
globin. 
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‘ 


SUMMARY 


A litre of blood was given by mouth to one normal and two anaemic patients, and the 
faecal iron determined. It was found that 10-25 % of the ingested iron was absorbed. 


We are grateful to Prof. L. J. Witts for supervising the research and reading the 
manuscript. 
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14. The Adenosinetriphosphatase Activity of 
Myosin Preparations 


By Dorothy Moyle Needham, From the Biochemical Laboratory, Cambridge 
(Received 6 February 1942) 


It has been known for many years that muscle contraction is accompanied by appearance 
of equivalent amounts of inorganic phosphate and free creatine, creatinephosphate dis- 
appearing. Until the work of Lohmann [1934] using muscle extract, this process was re- 
garded as an enzymic hydrolysis of creatinephosphate, going on with liberation of energy. 
But Lohmann showed that the breakdown of creatinephosphate is a composite process, 
requiring the presence in the extract of adenylic acid and adenosinetriphosphatase : 


(I) 2 creatinephosphate + adenylic acid > 2 creatine + adenosinetriphosphate 
adenosinetriphosphate — adenylic acid + 2H,PQ,. 


Thus free energy of creatinephosphate breakdown is used for resynthesis of adeno- 
sinetriphosphate (ATP). Further work in several laboratories has since shown that the 
energy-rich phosphorylated intermediates in carbohydrate breakdown, phosphopyruvic 
acid [Ostern et al. 1935; Needham & van Heyningen, 1935; Meyerhof & Lehmann, 1935; 
Lehmann, 1935] and diphosphoglyceric acid [Warburg & Christian, 1939] are similarly 
used in the muscle to rebuild ATP (see Fig. 1). The central importance of ATP breakdown 


xADP + xH,PO, 
[(x-y) ADP] 
(x-y)CP + (x-y)ADP——>(x-y)C + (x-y)ATP 


1/3y(CeHy90;) + 1/3yH;PO0, ———>1/3y HMP 
glycogen 
1/3yATP + 1/3yHMP——————>1/3yHDP_ + 1 ——— yy 


2/3y TP t 2/3yH3PO, 
2/3y pyruvate + 2/3¥ triosediphosphate 
2/3y lactate + 2/3y diphosphoglycerate + 2/3y ADP ————~—— [2/3y ADP] 


2/3y monophosphoglycerate + 2/3y ATP» [2/3 ATP] 


2/3y phosphopyruvate Lf 2/3y ADP ————~——— [2/3 ADP] 


2/3y pyruvate + 2/3y ATP ———>—— [2/3 ATP] 


Fig. 1. Diagram showing chemical changes in muscle contraction. ATP -=adenosinetriphosphate; 
ADP =adenosinediphosphate; CP =creatinephosphate; C=creatine; HMP=hexosemonophosphate; 
HDP = hexosediphosphate; TP =triosephosphate. 


as (1) the only reaction going on with liberation of energy available for the process of 
contraction, (2) the first chemical reaction demonstrable upon stimulation, thus becomes 
obvious [see Needham, 1937; 1938]. 

The correctness of the view that the inorganic phosphate formed on contraction has its 
origin in ATP is borne out by the fact that muscle brei shows high phosphatase activity 
with ATP as substrate, two phosphate groups being split off, but that other phosphatases 
are very feeble or absent. 
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Lohmann [1935, 1, 2] showed that in the formation of adenylic acid from ATP, adeno- 
sinediphosphate (ADP) occurs as an intermediate, and indications have accumulated that 
probably in the muscle itself reaction (I) runs 


Creatinephosphate + ADP — creatine + ATP 
_ ATP + ADP+H,PO, [see Lehmann, 1936], 

dephosphorylation of ATP perhaps usually not proceeding past the loss of one phosphate 

roup. 
. The important w: ork of Engelhardt & Liubimova [1939] and of Liubimova & Engelhardt 
[1939] showed that the adenosinetriphosphatase activity of muscle is associated with the 
myosin fraction of the muscle proteins. After purification of the myosin by repeated 
reprecipitation, the protein was still just as active in splitting off one phosphate group 
from ATP, but had lost entirely the power, shown by the brei or by once-precipitated 
myosin, of converting ADP into adenylic acid [Liubimova & Pevsner, 1941; Bailey, 
1942]. 

The question of the identity of adenosinetriphosphatase and myosin has been con- 
sidered by Liubimova & Engelhardt [1939] and by Bailey [1942]. If the protein myosin, 
of which the contractile fibrils are composed, can indeed interact enzymically with the 
substance ATP, whose breakdown provides the energy of contraction, then the signi- 
ficance of this fact in the mechanism of contraction must be very great. The mode of 
interaction between the myosin and the ATP, and the ways in which this interaction 
might affect the length of the fibrils, has been considered by Engelhardt & Liubimova 
[1939], Kalckar [1941; 1942], Needham e¢ al. [1941] and Bailey [1942]. 

Most of the experiments described below were done in 1939 and early 1940. It was 
impossible to continue them, but the work has been continued and extended by 


Dr K. Bailey. 





Experimental methods 


(1) Preparation of myosin. The myosin was made from rabbit muscle and from the 
muscle of Rana esculenta, usually by the method of Greenstein & Edsall [1940], sometimes 
by that of Weber & Meyer [1933]. On one occasion, @ LiCl extract of rabbit muscle was 
made [Smith, 1934], and the myosin prepared from this had the same degree of activity as 
the myosin made from muscle of the same animal by Greenstein & Edsall’s method. 
The myosin was usually precipitated twice. The myosin content was assessed by esti- 
mating the protein N. 

Vv (2) Preparation of ATP. The ATP was prepared as the Ba salt by the method in use 
in Prof. Parnas’s laboratory at Lwéw: I am indebted to Dr C. Lutwak-Mann for details 
[see also Lohmann & Schuster, 1935]. 

A rabbit is killed, bled and skinned. The carcass is cooled in ice and then the muscle is 
rapidly removed. It is kept cold and minced through a cooled mincer. It is then mixed 
with an equal weight of ice-cold 10 % trichloroacetic acid and well stirred. After a few 
minutes the mixture is strained through muslin, the residue is squeezed as dry as possible 
and again extracted with an equal weight of 4°% trichloroacetic acid. After straining 
again, the united filtrates are centrifuged. The supernatant liquid is brought with 40% 
NaOH to pH 6-8, and 50 % Ba acetate is added until no more precipitate is formed. After 
1-2 hr. at 0°, when the precipitate (Ba salts of ATP and inorganic phosphate) has settled, 
the supernatant liquid is decanted off, the precipitate is centrifuged down and washed 
with water. The precipitate is treated with 0-2 N HNO, until the reaction is faintly blue 
to Congo-red paper and the small amount of insoluble material is rejected. The ATP is then 
precipitated as the Hg salt by means of Lohmann’s reagent (100 g. HgN 0328H,0 dis- 
solved in a mixture of 25 ml. HNO,, sp. gr. 1-4, and 25 ml. water [Lohmann, 1931]) added 

at 0°, about 3-5 ml. of the reagent being needed per kg. of muscle; after precipitation the 

mixture is left at 0° for 15 min. and then spun. The precipitate is suspended in a small 
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volume of water made faintly acid with HNO,, and the Hg is removed by H,S and filter- 
ing. H,S is removed from the filtrate by aeration, and the reaction is brought to pH 6-8 
with dilute NaOH. 25% Ba acetate is added until precipitation is just complete, excess 
being avoided. The precipitate of Ba salt is filtered off on a small Biichner funnel; it is 
washed well with 1 % Ba acetate, then with 50%, 75 % and 97 % alcohol and finally with 
ether. For use in the experiments, Ba was removed by dissolving the salt in the minimum 
amount of N HCl, diluting and adding sat. Na,SO, solution, avoiding excess, until no 
further precipitate was obtained. The BaSOQ, precipitate was spun off and washed, the 
combined supernatant liquids were neutralized and made up to the required volume. 

Two phosphate groups of the ATP constitute the pyrophosphate-P, and are hydrolysable 

yw N acid in 7 min. at 100° (*7’ P’). 

(3) Method of testing the enzyme activity. The myosin gel, after precipitating for the 
. second time and centrifuging down, was suitably diluted with distilled water and care- 
fully mixed to give a uniform suspension. 1 ml. of this suspension was pipetted into each 
of a series of test-tubes and 0-5 ml. of the ATP solution was added. This contained about 
0-3 mg. 7’ P/ml. The pH was adjusted by means of NaHCO, solution, as in the experi- 
ments of Liubimova & Engelhardt [1939], 0-1 ml. of the required concentration being 
added. In some of the later experiments, NaHCO,-Na,CO, buffer, as recommended by 
Bailey [1942], or Michaelis veronal buffer was used. MgCl, and CaCl,, 0-05 ml. of a 0-1 
solution, were used as activators; the metal was thus present in amount approximately 
equivalent to the pyro-P. The contents of one tube were precipitated at once by adding 
1-5 ml. of 10 % trichloroacetic acid; the others were incubated at 37° for varying lengths 
of time before addition of trichloroacetic acid. The myosin clot was filtered off, the tubes 
and filter were washed with 4 % trichloroacetic acid, and the inorganic P was estimated in 
the filtrate by Fiske & Subarrow’s method. 


RESULTS 


Distribution of adenosinetriphosphatase activity between aqueous extract of muscle and 
muscle residue. 5 g. of muscle were ground very thoroughly with sand and 7-5 ml. dis- 
tilled water. The brei was allowed to stand at room temperature for 4 hr. in order that 
processes leading to resynthesis of ATP (and thus likely to obscure adenosinetriphos- 
phatase activity) might be concluded. After this time, about 20 ml. more water were 
added ; the whole was dialysed for 1-5 hr. against running water, strained through muslin 
and centrifuged. The extract was made up to 50 ml.; the residue was ground with more 
water and also made up to 50 ml. Tests showed that in 5 min. 0-5 ml. of the extract split 
off 0-004 mg. pyro-P, while 0-5 ml. of the residue suspension split off 0-043 mg. pyro-P; 
ie. the activity of the water-soluble material in a given quantity of muscle is less than 
10% of that of the water-insoluble residue. 

Adenosinetriphosphatase activity of myosin preparations. In the experiments with 
myosin from rabbit muscle it was found that (a) only one phosphate group was split off; 
or (b) one group was rapidly split off, and that thereafter a very slow liberation of phos- 
phate continued. Two typical experiments are shown in Fig. 2. In the case of frog muscle, 
some splitting off of the second group was always observed (Fig. 3). 

Activation by Mg++ and Ca++. The effect of Mg++ upon the rate of dephosphorylation 
was first tried, as this ion is known to activate many phosphate transfer reactions in 
which ATP is concerned. Later, after the appearance of the paper of Liubimova & 
Engelhardt [1939], from which it seemed likely that Ca++ also must be able to serve as 
an activator, the effect of Ca++ was also tried (Table 1). These results, with two different 
preparations of rabbit myosin, illustrated the fact that about 30-90% activation of 
inorganic P formation is obtained by adding Mg ions, and that under these conditions 
Ca ions have a similar effect. 

8-2 
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When a much more alkaline medium was used, as in the experiments of Liubimova & 
Engelhardt, it was found that the effect of Ca ions is much greater, that of Mg ions much 
less (Table 2). 

0-15 * 
18 hr. 


0-10 


Inorganic P set free; mg. 


20 40 60 80 100 120 
Time in min. 
Fig. 2. Adenosinetriphosphatase activity of twice-precipitated rabbit myosin. Myosin suspension 
1-85 mg. N/ml.; pH 7. ATP (0-15 mg. 7’ P) added. 
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Fig. 3. Adenosinetriphosphatase activity of twice-precipitated frog myosin. Myosin suspension 
0-34 mg. N/ml.; pH 7-5. ATP (0-15 mg. 7’ P) added. 


Table 1 


The reaction mixture contained 1 m]. myosin suspension (1-5 mg. protein) 0-5 ml. ATP (0-3 mg. 7’ P) and 
0-1 ml. 1% NaHCo,. 
+0-05 ml. 0-1 M +0-05 ml. 0-1 M 
No activator MgCl, CaCl, 
Phosphate set free (mg. P) 0-062 0-082 _ 
0-017 0-033 0-033 


Table 2 


The reaction mixture contained 1 ml. myosin suspension (2-4 mg. protein) and 0-5 ml. ATP (0-3 mg. 7’ P). 


Phosphate set free, mg. P 
1 M MgCl,; 0-1 ml. 2% NaHCO, 0-073 
1 M CaCl,; 0-1 mJ]. 2% NaHCO, 0-073 
1 M MgCl; 0-1 ml. 10% NaHCO, 0-033 
1 M CaCl,; 0-1 ml. 10% NaHCO, 0-109 


0-05 ml. 0- 
0-05 ml. 0- 
0-05 ml. 0- 
0-05 ml. 0- 


From the later experiments of Bailey, it is clear that Ca ions have a much greater effect 
than any other on adenosinetriphosphatase. It is likely that in the above experiments, 
where the protein concentration was relatively high, that enough Ca ions were present in 
the myosin suspension itself to activate fairly well at the low pH, but not at the high pH, 
where probably decreased Ca solubility has an effect. 





, 
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Since the experiments of Bailey were all carried out between pH 8 and 9, and since the 
pH curve of Liubimova & Engelhardt, between pH 7-4 and 9, was determined for Ca 
activation only, it seemed worth while to see whether with thrice-precipitated myosin and 
low myosin concentration (i.e. using enzyme as free as possible from Ca++) Mg++ might 
activate at lower pH in a manner comparable with Ca*+. The following experiment shows 
that this is not the case. Veronal buffer was used and since this is a weaker buffer than 
bicarbonate a larger volume had to be used (Table 3). 


Table 3 


The reaction mixture contained 2-5 ml. of a myosin suspension (about 1 mg. protein) in M/35 veronal buffer, 
pH 7-4, and 0-5 ml. ATP (0-2 mg. 7’ P). 
Addition Time (min.) Phosphate set free, mg. P 


0-05 ml. 0-1 M MgCl, 5 Trace 
10 0-01 
45 , 0-05 


0-05 ml. 0-1 M CaCl, 5 0-081 
10 0-093 
45 0-097 


Effect of iodoacetate and of NH, salts. It has been shown that myosin in the undenatured 
state contains —SH groups, and that these can react with iodoacetate; they also dis- 
appear upon treatment with NH, salts [see e.g. Mirsky, 1936; Greenstein & Edsall, 1940]. 
To see if the presence of these —SH groups is essential for adenosinetriphosphatase 
activity, the following experiments were made. 

(2) The reaction between —SH compounds and iodoacetate is slow, and the myosin 
must therefore be treated with the iodoacetate for some time before the substrate is 
added. 1 ml. samples of myosin (containing about 1 mg. protein) were incubated with 
M/300 iodoacetate for 15 min. at 37°; substrate, buffer and activator were then added, 
and the activity was compared with that of myosin similarly incubated without iodoace- 
tate. It was found, however, that practically all activity had been lost in both cases; this 
inactivation by warming in absence of substrate (especially if the protein concentration is 
very low, as here) had been observed by Liubimova & Engelhardt. The treatment with 
iodoacetate was therefore carried out at room temperature and in a higher protein con- 
centration. 

i0 ml. of myosin gel (containing about 10 mg. protein per ml.) were treated 
with 1 ml. M/30 iodoacetate. Portions were removed at intervals for the nitroprusside 
test; this was still faintly positive after 1 hr., but completely negative after 2 hr. 1 ml. 
of the iodoacetate-myosin was mixed with 9 ml. of carbonate-bicarbonate buffer, pH 9-1, 
final concentration 0-2 %, and the activity was compared with that of a sample of myosin 
which had been similarly treated, but to which water was added instead of iodoacetate 
(Table 4). There is thus no inhibition; experiments with M/300 iodoacetamide gave a 


similar result. 
Table 4 


Exp. Conditions Phosphate set free, mg. P 


1 Normal myosin, in 7 min. 0-079 
Todoacetate myosin, in 7 min. 0-077 
2 Normal myosin, in 5 min. 0-041 
Todoacetate myosin, in 5 min. 0-042 


(b) 10 ml. of myosin gel were treated with NH,Cl to give a final concentration of 2N. 
The sol was dialysed with frequent changes of water for some hours, and the precipitated 
myosin was spun down. The activity was compared before and after this treatment 
(Table 5). Here again there is no inactivation. That the —SH groups are inessential is 
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also shown by the fact that the enzymic activity persists in glycine buffer [Bailey, 1942] 
although Greenstein & Edsall [1940] found that treatment with glycine abolished the 


nitroprusside reaction. 
Table 5 


Phosphate set free, mg. P per mg. N in 10 min. 


Before NH,Cl treatment 0-032 
After NH,Cl treatment 0-040 
















Specificity of the enzymic activity of myosin. (a) It has been conclusively shown by 
Liubimova & Engelhardt [1941] and by Bailey [1942] that myosin has no ) adenosine. 
diphosphatase activity; Bailey also showed that it does not hydrolyse inorganic pyro- 
phosphate, although muscle brei does. In the present work its specificity was further 
tested upon «-glycerophosphate and hexosediphosphate. The latter is of special interest 
since it seems to be the only metabolite besides ATP to be directly dephosphorylated 
at all readily by muscle [see Pillai, 1938]. Myosin precipitated three times was used, and 
was tested at pH 9-1 (carbonate-bicarbonate buffer) and pH 6-1 (veronal buffer), the 
substrate concentration being M/75. Activation was tried with both Mg++ and Ca**, but 
even in the presence of Mg++ not more than 1-2 % of the phosphate of «-glycerophosphate, 
or 3-4 % of that of hexosediphosphate, was hydrolysed in 3 hr. at 37°. 

(6) Although myosin so readily catalyses the transfer of phosphate from ATP to water, 
it has no action in bringing about transfer of phosphate from ATP to fructose-6-phos- 
phate (Neuberg ester). This was shown in the following experiments, carried out both at 
pH 9-1 and pH 7-4 (Table 6). In another experiment the possibility of transesterification 
















Table 6 


The reaction mixture contained 1 ml. of myosin suspension (about 1 mg. protein) in carbonate-bicarbonate 
buffer, pH 9-1, 0-5 ml. ATP (0-2 mg. 7’ P) and 0-05 ml. 0-1 M CaCl,. 


P set free, mg. 















Addition In 7 min. _ In 20 min. 


0-3 ml. H,O 0-075 0-098 
0-3 ml. Neuberg ester (0-2 mg. P) 0-075 0-098 









at pH 7-4 in presence of Mg++ was tested. In this case the P hydrolysable in 10 min. in 
N HCl at 100° was also estimated: in this hydrolysis time, two phosphate groups are split 
off from ATP, about 7 % of the P of fructose-6-phosphate and about 37 % of the hexose- 
diphosphate-P. If now some phosphate were transferred from ATP to the Neuberg 
ester, with formation of hexosediphosphate, there would be a decrease in the amount of 
P hydrolysable in 10 min. It can be calculated that if only 10 % of the pyrophosphate-P 
of ATP were thus transferred, the decrease would amount to 7%, which is well outside 
the experimental error (Table 7). 










Table 7 


The reaction mixture contained 1 ml. myosin suspension (1 mg. protein) in water, 0-5 ml. ATP, pH adjusted 
to 7-4 (0-22 mg. 7’ P) and 0-05 ml. 0-1 M MgCl,. 30 min. at 37°. 










Addition Inorg. P 10’ P 
+0-3 ml. Neuberg ester (containing 0-2 mg. P) 0-026 0-207 
+0-3 ml. H,O; 0-3 ml. Neuberg ester added after trichloroacetic precipitation 0-027 0-206 





(A separate test with this myosin showed that with Ca activation it had the usual high adenosinetri- 
phosphatase activity at pH 9-1, setting free 0-05 mg. P in 5 min.) 







Thus just as much P is liberated as inorganic P in the presence as in the absence of 
Neuberg ester, and there is no indication of any hexosediphosphate formation from this 
ester. This result is in harmony with the finding by Sakov [1941] of an enzyme in aqueous 
extract of muscle which brings about phosphorylation of Neuberg ester by ATP. 
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Discussion 


The diagram (Fig. 1) is an attempt to summarize the chemical events during the actual 
stimulation period under anaerobic conditions. Hydrolysis of ATP is presented as the 
essential reaction supplying free energy to the contracting fibrils. The resynthesis of part 
of this ATP (an unknown proportion) by reaction of the ADP with creatinephosphate is 
shown, and the resynthesis of the rest by means of phosphorylated carbohydrate de- 
rivatives. The diagram makes clear (a) how the ATP concentration is maintained constant 
in spite of its continual breakdown; (b) how the free phosphate and free creatine formed 
come to be equivalent to the creatinephosphate disappearing, although not formed from 
it by direct hydrolysis. 

When glycogen is phosphorylated by inorganic phosphate in muscle extract, the first 
product is the Cori ester, glucose-1-phosphate, and this is transformed into the Robison 
ester, glucose-6-phosphate, which is in equilibrium with fructose-6-phosphate. It is the 
last, the Neuberg ester which is phosphorylated by ATP to give fructosediphosphate, 
the Harden & Young ester. 

It should be noticed that the reaction between ATP and Neuberg ester to form hexose- 
diphosphate is accompanied by about the same large heat output as accompanies the 
hydrolysis of ATP, and it seems likely that a similar amount of free energy may be pro- 
duced in the two reactions. Nevertheless, as the transfer of phosphate to the Neuberg 
ester is catalysed by a soluble enzyme, and not by the myosin fraction, it seems unlikely 
that this energy would be available to the fibrils. It would form part of the waste heat 
which always accompanies contraction. The diagram shows, however, that during anae- 
robic stimulation, a relatively small part of the ATP is broken down by transesterification, 
much the greater part by hydrolysis under the influence of adenosinetriphosphatase. 


SUMMARY 


1. The finding of Engelhardt & Liubimova was confirmed that myosin preparations 
have adenosinetriphosphatase activity, splitting off one phosphate group rapidly, the other 
very slowly or not at all. More than 90% of the adenosinetriphosphatase activity of 
muscle is to be found in the washed brei, less than 10% in the aqueous muscle extract. 

2. Abolition of the —SH groups of myosin has no effect on the adenosinetriphosphatase 
Min, oe 

~3. Myosin preparations show no «-glycerophosphatase or hexosediphosphatase ac- 
tivity, either at pH 9-1 or pH 6-0; nor have they any power to transfer phosphate from 
ATP to fructose-6-phosphate. 


The author is greatly indebted to Dr E. C. Bate Smith and Dr K. Bailey for much 
helpful discussion. Her thanks are due to Dr H. Lehmann for providing the Neuberg 
ester and to Dr Bate Smith for providing some of the earlier myosin preparations. 
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15. Myosin and Adenosinetriphosphatase 
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The major protein component of muscular tissue, myosin, has occupied the attention of 
many investigators because of its extreme importance as the contractile element of living 
muscle. When isolated from the tissue it has many of the properties of the globulins, but 
its extreme molecular asymmetry gives rise to interesting properties which on the whole 
are anomalous to the corpuscular proteins. Past research has been devoted mainly to | 
physico-chemical studies, and amongst these the investigation of double refraction of 
flow [Muralt & Edsall, 1930; oe 1940] and the interpretation of structure by 
X-ray methods [e.g. Boehm, I931; 1933; Astbury & Dickinson, 1940] are perhaps most 
important. Some work has also been carried out upon its Solubility [Bate Smith, 1934], 

its chemical composition [Sharp, 1939; Bailey, 1937], upon the comparative biochemistry 

of myosins of different species [Bailey, 1937; 1939], and upon phenomena related to the 

SH content under various conditions [Todrick & Walker, 1937; Mirsky, 1937; Greenstein v 

& Edsall, 1940], 

In addition to its role as the contractile element of muscle, there now exists the possi- } 
bility that myosin is also an enzyme. In 1939, Liubimova & Engelhardt made the im- | 

“ portant discovery that adenosinetriphosphatase activity was almost entirely associated , 
with the myosin fraction of muscle, and tentatively suggested that the enzyme might in 
fact be identified with myosin itself [Engelhardt & Liubimova, 1939; Liubimova & 
Engelhardt, 1939}. Considering that the breakdown of adenosinetriphosphate is a reac- | 
tion most closely associated in time with the act of contraction, and is capable also of { 
supplying free energy for contraction [D. M. Needham, 1938; Kalckar, 1941], it seems {2 - 
more than probable that the occurrence of the enzyme with the myosin fraction is some- 


thing more than a fortuitous association. The adenosinetriphosphatase activity of myosin %_ 


preparations was confirmed by D. M. Needham [1942], by Edsall & Singher [private 


communication] and by Szent-Gyérgyi & Banga [1941]./ Le 


The present work was undertaken to extend the observations of the Moscow workers 
in several directions: (1) to study the conditions under which the enzyme exerts maximal 
activity and then to define a suitable activity unit; (2) to follow the changes of activity 
during the purification of myosin and to attempt—assuming that the enzyme and 
myosin are not identical—a separation of the enzyme; (3) to correlate enzymic activity 
with certain physical characteristics of myosin, e.g. double refraction of flow (some 
parallel experiments on this subject have been carried out by J. Needham and col- 
laborators, and a preliminary account of this work [Needham ef al. 1941] is already avail- 
able) ; (4) to investigate the behaviour of myosins of various species and of various muscle 
types ; (5) to study the specificity of the enzyme and to compare it with the phosphatases 
of other tissues. 

It may be said from all the experiments which are reported in the present paper, that 
there is nothing to suggest that myosin and adenosinetriphosphatase are separate entities. { 
If future research confirms this view, it must be conceded that the original work of 
Liubimova & Engelhardt is a most fundamental contribution to muscle eeeery 
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EXPERIMENTAL 
Preparation and properties of myosin 

“ Preparation of various myosins. The tissues used were the hind-leg and longissimus 
dorsi muscles of the rabbit, the pectoral muscle of chicken, the leg muscle of the horse, 
the hind-leg muscle of the toad and frog, and the trimmed heart muscle of the pig and 
rabbit. The rabbits and chickens were killed by stunning and bled via the inferior vena 
cava; frogs and toads were pithed after leaving the animals in the cold room at 0°. The 
muscle of those animals killed in the laboratory could be excised and minced within 
10 min. after death, but material from the slaughterhouse was usually obtained about an 
hour after killing. In one instance, however, a sample of horse muscle was acquired within 
15 min. after bleeding. 

Immediately after mincing, the tissue was added to 5 vol. of ice-cold salt solution 
containing KCl (0-5 M) and NaHCO, (0-03 V). This extractant has been adopted by 
Greenstein & Edsall [1940] in an improved method for the preparation of myosin. Solid 
NaHCo0, was now added at intervals to maintain the pH at 7-7-5, and after stirring slowly 
for an hour at 0°, the stroma was centrifuged down. The opalescent extract was filtered 
clear through a 2 in. layer of paper pulp (saturated with extractant) and diluted with 
20 vol. of ice-cold water. Dilute HCl was now added to adjust the pH of the medium to 
6-8-7-0, and after settling, the supernatant liquor was decanted and the myosin centri- 
fuged down. For purification it was redissolved by the addition of solid KCl to a molarity 
of 0-5 and sufficient NaHCO, to maintain the pH at 7. Without such addition, the myosin 
tends to become increasingly acid as purification proceeds, and although it remains 
soluble in salt, its enzymic activity diminishes, not by loss of an enzyme component, but 
by inactivation. After 3-4 precipitations and a final filtration through pulp, the protein 
may be stored in 0-5 M KCl at pH 7 and 0°, in presence of a trace of toluene. 

N and P contents of rabbit myosin. The N content of myosin has been open to some 
dispute, and for the purpose of assessing myosin concentrations in the later enzyme 
experiments, it has been necessary to reinvestigate the question. Whilst Bailey [1937] 
and Sharp [1939] quote values of 16-6—16-8%, other workers [Todrick & Walker, 1937; 
Greenstein & Edsall, 1940] have obtained values of 15-3-15-7 %. As Greenstein & Edsall 
point out, their own lower figures are probably due to inadequate extraction of fatty 
material. The following experiment illustrates the correctness of this view. 

A washed myosin gel was divided into several weighed portions. The dry weight of one 
of these was ascertained by drying at 105°, whilst another was heat-coagulated at pH 6, 
filtered, washed thoroughly with water, hot acetone, alcohol and ether, and dried at 105°. 
A third portion was extracted directly with organic solvents, the de-fatted residue and the 
extracted fat then being weighed. The following data were obtained: 


N of gel expressed as % of total solid 15-8 
N of gel expressed as % of fat-free heat coagulum 16-9 
N of gel expressed as % of fat-free myosin 16-6 
N determined directly on fat-free myosin, % 16-6 


This experiment confirms that the author’s previously quoted value of 16-6 % is correct, 
and that without pre-extraction with organic solvents there is sufficient fatty material to 
reduce the N value by 1%. Moreover, it demonstrates that for the purpose of deter- 
mining myosin concentrations, either the total N of the sol, or the amount of heat- 
coagulable protein may be employed; in the former case, the N value x 6 gives the total 
myosin concentration. 

Since we are to deal with a phosphatase system, it seemed important to determine 
whether myosin preparations contained any large amount of bound P. Total P determina- 
tions were made on thrice-precipitated rabbit myosin preparations, washed thoroughly 
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with water and then electrodialysed. The protein was placed in the middle cell of an 
electrodialyser and separated from anode and kathode compartments by cellophane 
membranes. Using a voltage of 220, the initial current of about 20 mA. dropped rapidly 
to 6 mA. as the ions liberated at the Pt anode and kathode were washed away with a 
continuous stream of ice-cold distilled water. The current was maintained for about an 
hour, the protein then having a pH between 5 and 6. The myosin was now thoroughly 
extracted with hot fat solvents and dried at 105°. The P content was determined by the 
HClO, method as modified by Allen [1940]. . 

Different preparations showed some variation, e.g. AB, 0-067°%; AL, 0-048%; AD, 
0-055 %. The myosin AB was also dissolved in HCl at pH 3-5, dialysed overnight and, 
after neutralization, electrodialysed. The P content had fallen only slightly to 0-059 %. 
Finally, a dried specimen of rabbit myosin, prepared by Dr J. G. Sharp and obtained by 
working up the extracts from many rabbits, was examined. Samples of the preparation, 
having a P content of 0-057 %%, were allowed to swell in HCl at pH 1 and 4, and repeatedly 
washed with water at the same pH. After drying in the usual manner, the myosin washed 
at pH 1 gave a P value of 0-055 %, and that at pH 4 of 0-054 %. These values are near the 
mean of those obtained from individual samples. The variation in P from one myosin to 
another seems quite characteristic, and cannot be due to retention of phosphate im- 
purities or to inadequate extraction of phosphatide. The same variation has been obtained 
by Bate Smith [1938], who obtained values ranging between 0-04 and 0-06 %. The present 
mean P value of 0-054 % indicates a minimal mol. wt. of 57,000. 

Double refraction of flow. Throughout the present work it has seemed of great im- 
portance to observe some type of correlation between the enzymic activity of myosin and 
its ability or inability to form sols which possess double refraction of flow. Greenstein & 
Edsall [1940] have noted that some rabbits fail to give myosin preparations which possess 
this property, an experience shared by several workers in the Cambridge laboratories. 
Quite apart from the many factors which influence the intensity of double refraction of 
flow, investigated by Muralt & Edsall [1930], Edsall & Mehl [1940], and Needham et al. 
[1941], sufficient experiments have now been carried out to indicate that changes occur- 
ring during rigor are not of great influence. One experiment, typical of several others, will 
be quoted. A rabbit was killed by stunning and bled via the inferior vena cava. The leg 
and back muscles were quickly excised and allowed to remain at 20°. At definite time 
intervals after death, representative portions of muscle were minced, and one portion of 
mince was stirred immediately into buffered KCl and another used for determination of 
pH by the glass electrode. When the pH of this second portion had fallen to 6, this too was 
stirred into buffer and the pH adjusted to 7 with solid NaHCO,. The myosins from the 
extracts of both minces were prepared in the usual way, and after two precipitations were 
tested for double refraction of flow, using the apparatus devised by Edsall & Mehl [1940]. 
The sols were made up in 0-5 M KCl, pH 7, using a protein concentration between 0-5 and 
0-6 % and viewing through a liquid depth of 3 cm. The results are given in Table 1. 


Table 1. Double refraction of flow of myosin sols from rabbit muscle 


Time after death at Double refraction of myosin from mince 
which excised muscle Initial pH of mince Final pH of mince — A —— 
is minced (min.) (A series) (B series) A series B series 
7 6-6 6-0 + + 
22 6-4 5-9 + 
65 6-1 5-9 + 
400 6-0 6-0 b 


The double refraction of myosin obtained by mincing and extracting muscle immedi-- 
ately after death is thus still observable in muscle which is passing or has passed into 
rigor. The same is true also of myosin which is minced at various times after death, but 
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is not extracted until the pH of the mince itself has fallen to the same acid value as that 
of muscle in rigor. The inability to obtain doubly refracting myosin appears therefore to 
be a property of the muscle at the time of death, and is uninfluenced by vagaries in the 
conditions of working (e.g. strict adherence to low temperatures, time of.excision of 
muscle after death, changes due to rigor) and to ill-defined and subtle procedures. . Since 
the very first experiments it has not been possible to obtain from the rabbit a myosin 
which was not refracting, and thus to investigate in the case of this animal the refraction 
changes in myosin prepared from miscle which immediately after death yields a non- . 

- refracting specimen. An experiment using the pectoral muscle of chicken indicated that 
when the fresh muscle gives rise to feebly refracting myosin, there is no enhancement or 
diminution in the myosin prepared from the muscle in rigor. In general, the rabbit, frog, 
toad and lobster myosins are strongly refracting, as also are the cardiac myosins prepared 
from the pig and rabbit. One preparation of chicken myosin was feebly refracting, and of 
three horse preparations, two were feebly refracting and one non-refracting. 

The cataphoretic behaviour of myosin. The electrophoretic method of investigating the 
homogeneity of a protein with respect to its electrical charge is often more sensitive than 
the ultracentrifugal method of measuring homogeneity with respect to particle weight. 
It seemed essential to study the behaviour of myosin in order to ascertain whether 
electrically inhomogeneous components—enzyme or otherwise—are observable. By 
applying the Tiselius cataphoretic technique certain difficulties are encountered; first, 
myosin is insoluble in dilute buffer in the pH range of its isoelectric point, the region in 
which the presence of impurities is most readily revealed, and secondly, the high ionic 
strengths of buffer employed even at higher pH values may produce heating effects which 
lead to convectional disturbance at the protein-buffer boundary. This effect is somewhat 
counterbalanced by the high viscosity of myosin sols. 

Two separate specimens of thrice precipitated enzymically active preparations of 
myosin have been investigated in phosphate-KCl buffer. Even over long periods of time, 
the boundary of negatively charged protein moving into the buffer phase towards the 
anode remains extraordinarily sharp and indicates a surprising degree of homogeneity. 
The descending boundary on the other hand gradually gives rise to a second one moving 
0-8 times as fast as the main boundary. This unexplained asymmetry has not been ob- 
served with any other of the proteins which have been investigated from time to time in 
this laboratory, but has been noted recently in egg albumin solutions on the acid side of 
their pH stability range [Longsworth, 1941]. The mobilities found for the ascending 
boundary using a protein concentration of 1%, voltage 40, temperature 4°, were: rabbit 
myosin AF in 0-0438 M phosphate, 0-335 M KCl, pH 6-7, 1-62 x 10-> cm.? V.-? sec.}; 
myosin AT in 0-05 M phosphate, 0-335 M KCl, pH 6-8, 1-88. 


Myosin and adenosinetriphosphatase 


For brevity we shall refer to adenosinetriphosphate and adenosinedipohosphate as ATP 
and ADP respectively, and to the corresponding phosphatases as ATP-ase and ADP-ase._ 
Preparation of substrates. (a) ATP. The Ba salt of this compound was at first 
prepared from rabbit muscle and later from fresh horse flesh by a method resembling 
that of Lohmann & Schuster [1935] and described by D. M. Needham [1942]. The total 
P content of the preparation was determined by the method of Allen [1940], and the 
pyrophosphate-P—generally called 7’ P—by hydrolysing at 100° for 7 min in N HCl. 
The analysis of a typical specimen gave: total P, 10-53%; 7’ P, 7-:04%; N, 8-2 %; cale. for 
C,9H,,0,,;N;P;Ba,, 6H,O: total P, 10-5%; 7’ P, 70%; N, 7-°9%. The allocation of the 
phosphate radicals in this compound is still under dispute [cf. Allen, 1941]. To prepare 
the Na salt, which has been used throughout as substrate, 0-2 g. of the Ba salt was dis- 
solved in 0-6 ml. of cold N HCl, and the solution was then diluted to 10 ml. with water. 
0-06 g. of anhydrous Na,SO,, dissolved in a little water was then added, and the precipitate 
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of BaSO, centrifuged down. This latter was washed 5 times with acidulated water, but 
even after this treatment some ATP remained with the precipitate. The combined centri- 
fugates were neutralized to pH 8-5 with NaOH and diluted to the required concentration. 

(6) ADP. Of several exploratory methods, the best thus far employed has been 
evolved from the enzyme experiments described in later sections. Thrice-precipitated 
rabbit myosin was dissolved in the Sorensen glycine-NaCl buffer, pH 9-1 at 37°. The 
buffered protein was mixed with CaCl, and with a solution of ATP, the digest then con- 
taining 0-1 mg. of myosin-N, 0-15 mg. of 7’ P, and 0-24 mg. of Ca/ml., buffer strength 
M/15. Samples at 0° were placed in test-tubes and incubated at 37°, until the amount of 
free phosphate was nearly 50% of the total 7’ P. Under these conditions (see later 
sections) no more free phosphate can be liberated. The main digest was now incubated 
for the required time, and then acidified with HCl to pH 5. The precipitated myosin was 
centrifuged down and washed, and the supernatant neutralized to pH 6 with NaOH, and 
excess Ba acetate was then added. A slight precipitate—possibly a trace of the Ba salt 
of ATP—was discarded, and the liquor was further neutralized to pH 7 and an equal 
volume of alcohol added. The precipitated phosphates were separated after cooling to 0°, 
washed with 30% alcohol, and dissolved in N/10 HNO,. The diphosphate was now pre- 
cipitated as the Hg salt by the Lohmann procedure, and eventually obtained as the Ba 
salt. The yield was 78 % of theory. Analysis gave: total P, 8-83°%; 7’ P, 4-6%; calc. for 
C,oH,,0;>N;P,Ba,.;, 4H,0; total P, 8-86%; 7’ P, 4-43 %. 

(c) Potassium diphenylpyrophosphate. This compound was synthesized from phenol 
and POCI, by the method of Neuberg & Wagner [1926], and twice recrystallized from 
90% alcohol. Analysis gave: total P, 15-0%; 7’ P, nil; ash as KPO,, 58-0%; cale. for 
[C,H,;OPO(OK)},0, total P, 15-28 %; ash, 58-1 %. In N HCl at 100°, this compound yields 
two mol. of phenylphosphate but no inorganic phosphate. 


The breakdown of ATP and ADP by rabbit myosin at various stages of 
purification in presence of metallic activators 


Liubimova & Engelhardt [1939] first studied the action of myosin on ATP by using the | 


Ca salt as substrate, finding the reaction optimal between pH 8-5 and 9 in bicarbonate 
buffers. Initial experiments, using the Na salt as substrate, and the protein in low con- 
centration, demonstrated quite clearly that breakdown was accelerated by certain di- 
valent metals [cf. D. M. Needham, 1942], and it was necessary to study first of all the 
relative efficiencies of metallic activators and then to redefine the optimum pH in presence 
of the most efficient ion. The optimal conditions for measuring the unit of enzymic activity 
could then be laid down. ; 

Activation effects were first studied in bicarbonate-carbonate buffer media which are 
not wholly suitable for metal activators since these may form insoluble salts with the 
buffer anion. Later, the use of glycine-NaCl-NaOH buffers was more extensively adopted, 
for in these the enzyme showed a much greater activity. In the following experiments 
results obtained with both buffer systems will be quoted, but it must be emphasized 
that the properties of the enzyme with respect to activation do not differ except in a 
quantitative manner with the buffer type. 

The rabbit myosin in the form of a washed io pH 7-7-4, was dissolved at 
0° either in glycine buffer (M/10 Na glycinate, M/10 NaCl, pH 9-1 at 37°), or in a bicar- 
bonate-carbonate buffer pH 9-1, obtained by 50-fold dilution of a mixture of 9 parts of 
10% NaHCO, and 1 part of 10% Na,CO,. To 1 ml. of the protein solution were added 
0-05 ml. of 0-18 N metal chloride activator (titrated where necessary to pH 7 with NaOH) 
and 0-5 ml. of substrate containing 0-14 mg. of 7’ P. The tubes were incubated at 37° in 
a water bath and the reaction arrested by addition of 1-5 ml. of 10 % trichloroacetic acid. 
The precipitated protein was readily separated by pouring through a small swab of cotton 
wool placed in the stem of a filter funnel. The tube was washed out with two 0-5 ml. 


—— 
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portions of 5% trichloroacetic acid and finally with 1 ml. of water. The filtrates were 
diluted to 25 ml. and inorganic phosphate was estimated by the method of Fiske & 
Subbarow [1925]. This was the general procedure; that in one or two exceptions will be 
specially described. 

In Table 2 are given the results of activation by the two most abundant divalent ions in 
muscle, Ca and Mg, using both buffer types. The figures show that once-precipitated 
myosin contains two enzymes, ATP-ase and ADP.-ase, the former being activated by Ca 
and the latter by Ca and Mg, particularly by Mg in the glycine buffer. To demonstrate the 
presence of ADP-ase relatively large concentrations of protein are necessitated, but after 
three precipitations this enzyme is removed and the myosin then attacks ATP only. As 
the concentration of purified myosin is reduced, it loses all ability to cleave ATP except 
in the presence of the Ca ion, and it is with these small myosin concentrations that the 
activating effect of Ca is dramatically demonstrated. Whilst this work was in progress, 
Liubimova & Pevsner [1941] have also reported the presence of ADP-ase in once precipi- 
tated myosin preparations, and have found that it was activated by Mg++. They claim 
moreover that the ATP-ase activity of myosin freed from ADP-ase is actually inhibited 
by Mgt+. The still earlier work of Lohmann [1935] indicated that the breakdown of ATP 
to adenylic acid by crab muscle extracts took place in two stages, ADP being the inter- 
mediate compound. The removal of the first and second groups of ATP was effected by 
different enzymes, and only the ADP-ase was activated by Mg. The agreement of data 
from three separate laboratories is thus very striking. 


Table 2. Effects of Ca++ and Mg** on the breakdown of ATP and ADP by rabbit myosin 
Myosin AX in glycine and bicarbonate buffers, pH 9-1-9-2. Incubated at 37° for 30 min. 
% 7 P split 


No. of times No activator Ca activator Mg activator 
AN 


Buffer Myosin-N myosin is -— cr A———, 2 a 
type mg. precipitated ATP ADP ATP ADP ATP ADP 





Bicarbonate- 0-3 


51 18 79 37 69 24 
carbonate 7 


41 3 50 7 69 11 
42 0 44 5 47 5 


63 29 82 33 93 81 
46 <3 47 7 65 28 
<3 43 <3 48 7 


0 42 0 0 0 
4 0 43 0 6 0 


Glycine 0-3 


0-03 


Com Chom Choe 


In Table 3 these experiments are repeated with a greater variety of metallic activators, 
using only the glycine buffer medium. It will be seen that the ions activating the break- 
down of ADP by the enzyme present in once precipitated myosin are Mn > Mg > Ca; those 


Table 3. Effects of various ions on the breakdown of ATP and ADP by rabbit myosin 
Myosin AX in glycine buffer, pH 9-1 at 37°. 


Time of % 7 P split 
No. of times incuba: , 
Myosin-N myosin is tion Activator 

mg. precipitated Substrate (min.) None Mg Mn Fet+t+ Fet++ Al 
0-1 ATP 5 48 <3. <3 
ATP 30 80 26 16 25 
ADP 30 42 1 9 10 
0-1 ATP 5 38 <3 <3 
ATP 30 35 11 17 
ADP 30 0 0 0 
ATP 5 27 3 aan _ 

ATP 5 16 . ras 
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activating the breakdown of ATP in preparations free from ADP are Ca > Mn, and although 
the ions Ba, Mg and Fe** show some activation over a 30 min. period, their initial effects 
are small in comparison with Ca and Mn. Cu inhibits both enzymes, whilst the trivalent 


' jons Fe and Al have little effect. Preparations of myosin containing ADP-ase and acting 


upon ATP show the largest activation effect in presence of the ion which activates both 
enzymes, viz. the Mn ion. The most efficient activator for the breakdown of ATP, i.e. 
that which liberates most free phosphate in the shortest time with the lowest concentra- 
tion both of activator and enzyme, is the Ca ion. Although this is apparent from the few 
results at the end of Table 3, it is confirmed in Table 4 where amounts of activator and 
enzyme are varied. 


Table 4. Activation of AT'P-ase by varying concentrations of Ca, Mg and Mn 
4-times-precipitated myosin AX in glycine buffer pH 9-1 at 37°. Incubated for 5 min. Total 7’ P, 0-1366 mg. 


Equiv. of % of 7’ P split 
Myosin-N activator 
mg. Activator x 10° Unactivated Activated 
0-106 Ca 9 10 41 


© bho or 
rN 
nN 


0-106 10 ll 


= 
= 
oa 


0-106 Mn 10 41 


— 
mOAnw Onc 


0-035 Ca <4 36 


0-035 Mn <4 21 


— 
TIO SRS HITS SRS Om 


mM OR Cron 


Using an amount of enzyme in excess of that required to combine with substrate, it is 
apparent that Ca and Mn are equally efficient activators, whilst Mg produces no more 
splitting than the unactivated control. At low enzyme concentrations, however, the Ca ion 
is a more effective activator than Mn. The minimal optimum concentration of Ca necessary 
for activation depends upon the concentration of substrate. This effect is illustrated in 
Table 5. 

Table 5. Activation of AT’ P-ase by varying concentrations of Ca 
using two concentrations of substrate 
Conditions as in Table 4. 
Equiv. of 
Myosin-N _ activator % of % of 


oO 
mg. x 106 Total 77P 7’ P split Total 7’ P 7’ P split 
0-093 9-0 0-1366 41 0-25 45 
4:5 43 46 
1:8 43 42 
0-9 45 16 
None 8 <3 
0-03 18-0 0-1366 a 0-25 34 
9-0 38 37 
4:5 39 30 
1:8 40 9 
0-9 20 Bs 


None <4 0 
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From the experiments of Tables 4 and 5 and others unquoted, the minimal amount of 
Ca producing maximal activation at low enzyme concentrations corresponds to 1 Ca: 
, 1-3-1-8 of the P atoms capable of cleavage by ATP-ase. Some of the activator un- 
| doubtedly combines with buffer anion and the amount available for activation might thus 
/ correspond with 1 Ca: 2 moles of ATP. Stoichiometric relationships between activator 
and substrate were found by Lohmann [1933] in the case of liver and muscle inorganic 
pyrophosphatases. Here Mg was the specific activator, and maximal activation occurred 
when the Mg: P,O, ratio was 2:1. 

The breakdown of ATP by myosin preparations from various animals. With other 
myosins, only the effects of activation by Ca and Mg have been studied. The character- 
istically rapid activation by Ca occurs in all myosins from skeletal muscle but is less 
marked in the cardiac myosins. Except in the case of frog myosin, which after 2 precipita- 
tions still contains ADP-ase, there is little activation by Mg. The results are given in 
Table 6. 


Table 6. Breakdown of ATP by myosin from various sources 


Bicarbonate-carbonate buffer; pH 9-1; temperature 37°; total 7’ P, 0-14 mg. 


No. of times Time of 
Myosin-N myosin is incubation Activator % of 7’ P 

Source of myosin mg. precipitated (min.) (9 equiv. x 10~*) split 

Horse 0-14 3 5 None Trace 
60 4 
5 Ca 39 
60 47 

5 Mg Trace 
60 7 
Chicken 0-10 3 5 None <3 
30 <3 
5 Ca 42 
30 45 
' 5 Mg <3 
30 <3 
Chicken 0-44 3 5 None <3 
(electrodialysed) 30 <3 
5 Ca 35 
30 43 
5 Mg <3 
30 <5 
Toad 0-38 2 5 None <3 
30 <3 
5 Ca 18 
30 33 

5 Mg Trace 


30 


5 


v 


30 


Pig 0-14 3 5 
(cardiac) 30 
5 





30 


2 


Rabbit 0-28 2 5 None 4 
(cardiac) 30 
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Optimum pH and unit of activity. The optimum reaction for the breakdown of ATP 
could now be measured in presence of Ca++. The concentration of Ca adopted in the fol- 
lowing experiments (0-05 ml. of 0-18 N CaCl, added to 1 ml. of enzyme solution, and 
followed by 0-5 ml. of ATP containing 0-14 mg. of 7’ P) amounts to more than is necessary 
to effect maximal activation. To vary pH, solutions of NaHCO, (10%) and Na,CO, 
(10 %) were mixed and diluted 50-fold. In the case of glycine, the Sorensen M/10 glycine- 
NaCl-NaOH buffers were employed. At each pH value the protein concentration was 
varied, and the amount of splitting after incubating for 5 min. at 37° determined. Results 
for both buffer types, given in Table 7, show that the amount of splitting is a linear func- 
tion of the protein concentration up to the point where the enzyme becomes unsaturated 
with respect to substrate. 


Table 7. The relation between ATP breakdown and protein 
concentration in presence of Ca activator 


Rabbit myosin AT in bicarbonate- Rabbit myosin AT in glycine- 
carbonate buffer at pH 9-0 NaCl-NaOH buffer, pH 9-2 at 37° 


—A. 


’ ee ~ —————— eee 
Myosin N mg. % 7 P split Myosin N mg. % 7 P split - 


0-354 37-5 0-354 36°7 
0-177 37-5 0-177 35-0 
0-106 37-5 0-106 35-0 
0-035 29-2 0-035 34-0 
0-018 12-5 0-018 32-0 
0-0088 Trace 0-0088 15-0 

0-0044 ' 4-0 


From the linear portion of the curve obtained by plotting these results one may derive 
a unit of activity in terms of the volume of a hypothetical gas (l.) equivalent to the 
amount of P (in yg.) liberated by 1 mg. of myosin in 1 hr., i.e. 


22-4 60 eee 
2,= (P xa * 3) + (mg. myosin-N x 6). 


This device has been adupted by Liubimova & Engelhardt [1939] who nevertheless ob- 
tained somewhat erratic values for activity, owing most probably to the fact that their 
enzyme concentrations were uncontrolled. 

The activity of thrice-precipitated rabbit myosin AT in bicarbonate-carbonate buffer 
was 767 at pH 8-1, 940 at pH 9-1, 880 at pH 9-7, nil at pH 10-6. The activity of the same 
myosin in glycine buffer was 771 at pH 8-2, 2100 at pH 9-2 and pH 9-6. The optimal pH 
of enzymic splitting for both buffers is thus in the neighbourhood of pH 9, the value 
generally utilized in previous experiments. 

The enhanced activity which is obtained in glycine media has always been observed 
and is not confined to this amino-acid alone. Other amino-acid buffers of //10 strength 
with respect both to acid and NaCl were made up at pH 9-2 (37°) and tested, using a 
thrice-precipitated rabbit myosin AW. At the time of the experiment, the activity of 
this myosin was 1370 in bicarbonate-carbonate buffer and 4440 in glycine. Adopting the 
latter activity value as unity, the activities in other amino-acid buffers were as follows: 
sarcosine 0-62, alanine 0-86, leucine 0-83, serine 0-91, glutamic acid 0-89, aspartic acid 
0-84, cysteine 1-2. Except in the case of sarcosine, the relative activities were thus very 
comparable. The simplest explanation of the enhancement in activity in amino-acid 
solutions is the assumption that they combine with heavy metal inhibitors which may 
normally be present in myosin preparations. Other factors will be considered in a later 
section. 


Biochem. 1942, 36 9 
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The activity values (Q,) for various myosin preparations 


In Tables 8a and 8b are listed not only the Q, values of the same myosin preparation 
treated in various ways, but also those of myosins of different species. The history of the 
preparation, its state of purification, and its ability to show double refraction of flow after 
dissolving in 0-5 M KCl are given in annotation. It should be pointed out that the 
activity of the most crude preparation is a measure of its ATP-ase activity only; the 
method outlined for measurement of Q, involves such a great dilution of the enzyme that. 
any ADP impurity ceases to function (cf. Table 2), and especially so since Ca is not the 
specific activator for this enzyme. 


Table 8a. Activities of various myosin preparations in 
bicarbonate-carbonate buffer, pH 9-1 


Double No. of 
refraction times pre- 
Source of myosin of flow cipitated Other data Q, 
Rabbit AT ~ 1 1110 
2 1050 
3 940 
Rabbit AL + 3 5 1050 
3 Kept at pH 5-7 for 2$ hr. at 20° 860 
3 a RS Toga ee 580 
3 ” pH 4-7 ” ” 660 
3 » pH45 = ‘ 410 
Rabbit AJ + 2 Dried in vacuo in the frozen state 660 
Horse AN ~ 1 770 
2 880 
3 910 
Horse AV Feeble 3 720 
Chicken AO Feeble 3 1250 
3 830 
3 Electrodialysed, pH 5-6 270 
Toad AP ~ 2 170 
Frog AQ - 1 210 
2 210 
Pig (cardiac) + 1 230 
3 170 
Rabbit (cardiac) + 3 230 
Table 8b. Activities of various myosins in bicarbonate- 
carbonate and glycine buffers, pH 9-1 
Double Q 
refraction No. of times Q, (in bicarbonate- 
Source of myosin of flow precipitated (in glycine) carbonate) 

Rabbit AT - 3 3000 1300 

AW ~ 3 6100 1370 

AX - 1 4600 1600 

3 4000 1300 

Horse AV Feeble 3 1400 723 


From these tables we may derive the following conclusions: (1) that re-precipitation of 
myosin does not produce any great variation in the Q, value, although, as we have already 
shown, myosin is freed from ADP-ase by this process; (2) that the activity diminishes 
when the protein is acidified, i.e. either by addition of HCl to pH values below 6, or by the 
reduction of pH which occurs on electrodialysis; (3) the Q, values of mammalian and 
avian myosins are much higher than those of amphibian and cardiac myosins; (4) those 
myosins which exhibit double refraction of flow in salt solution show no systematic dif- 
ference in activity from those which are non-refracting or only feebly so. Thus, the doubly 
refracting rabbit myosins have Q, values comparable with the feebly refracting horse and 
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chicken myosins, and much greater than the strongly refracting toad, frog and cardiac 
myosins. As we shall see, this lack of correlation is in harmony with the fact’ that bi- 
refringence of flow may be destroyed in various ways without loss of enzymic activity. 


Other miscellaneous factors affecting the activity of AT P-ase 


(a) Buffer type. It has been shown that the activity of a myosin preparation varies 
according to the buffer used, and an explanation for such variation is not simple. The 
enhancement in activity obtained with amino-acid buffers is probably partly due to the 
co-ordination of heavy metal impurities, since traces of Cu can be demonstrated in the 
ash of myosin preparations. The occurrence of Ca in the ash would explain also why high 
concentrations of protein are able to attack ATP without the addition of activator. The 
enhancement of activity in glycine buffer does not appear to be due to an increased dis- 
persion of the enzyme, for the addition of NaCl to the bicarbonate digests or an increase 
in their buffering capacity does not increase the Q, value. Moreover,,the immobilization 
of activator by buffer anion is not involved, since an increase in cleavage P is not ob- 
served if the Ca concentration is increased above the usual amount either before the reac- 
tion has begun, or after it has been in progress. On the other hand, the heat-stability of 
the enzyme is rather greater in glycine than in bicarbonate buffer. This effect is seen in the 
following results, where, by pre-heating the buffered myosin solutions at 37° for 5 min., 
it has been possible to measure the relative decrease in activity for each buffer type: 


Original Q, of rabbit myosin AT: 
(a) in bicarbonate 700 
(6) in glycine 1660 

Q, after heating for 5 min. at 37° with Ca activator before addition of substrate: 
(a) in bicarbonate 315 
(6) in glycine 1040 

Q, after heating for 5 min. at 37° before addition of Ca activator and substrate: 
(a) in bicarbonate 350 
(6) in glycine 1145 

The rate of inactivation in bicarbonate buffer is thus about 1-5 times as great as in 
glycine, and by heat treatment in absence of substrate this figure is maximal. In presence 
of ATP the stability of the enzyme is much greater, and after incubating at 37° for 5 min. 
no decrease in activity is observed in presence of glycine buffer, and a 20% decrease in 
bicarbonate. The enhancement in activity in amino-acids is thus probably partly due to 
co-ordination of heavy metal impurities, and partly to an increased stability. 

(b) Enzymic activity and double refraction of flow. It has not been possible to find any 
correlation between these two factors. Myosin preparations in the case of the toad and 
frog were doubly refracting but of low activity, whilst those of horse and chicken, feebly 
refracting, were of much higher activity and comparable with that of birefringent rabbit 
myosin. Moreover, no change in activity could be detected when double refraction of flow 
was destroyed by methods which do not also éncourage inactivation by acid or by heat. 
Two such methods will be quoted. In one experiment the doubly refracting rabbit myosin 
AL was dissolved in 0-5 M KCl and salted out with a mixture consisting of 1 part of conc. 
NH, and 9 parts of saturated (NH,)SO,. In this medium double refraction of flow is quickly 
destroyed. The protein was dialysed against distilled water overnight, when its Q, value, 
measured in bicarbonate, was 1050 compared with the original value of 1000. Another 
salt causing a rapid decrease in double refraction is CaCl, , the reagent which has been used 
throughout to activate the enzyme. The rabbit myosin AW, dissolved in 0-5 M KCl, was 
maintained at pH 7-4 and 20° in presence of 0-27 M CaCl,. After 30 min., all trace of flow 


' birefringence had disappeared, and after precipitation of the protein by dilution, and 


redissolving in 0-5 M KCI, this property was not regained. The Q, of the treated myosin 
was 5000 compared with the original value of 4700. 


9-2 
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(c) ‘Ageing’ of myosin preparations. It may be observed that Q, values which have 
previously been quoted for one and the same myosin preparation show some variation. 
This is due to the fact that a loss of activity occurs when myosin is stored in 0-5 M KCl, 
pH 7-8 at 0°—the normal storage medium—or in the buffer solutions which have been 
employed for the measurement of activity. The following data (Table 9) not only indicate 
the necessity for preparing and purifying myosin as quickly as possible, but also for de- 
termining Q, as soon as the protein is dissolved in its buffer medium. Even so, the value 
thus found cannot be considered maximal. 


Table 9. Effect of ‘ageing’ on AT'P-ase activity 


(The suffixes ‘B’ and ‘G’ denote the Q, value in bicarbonate-carbonate and glycine buffer respectively.) 


Myosin Conditions of storage (temperature 1° in all cases) OriginalQ, Q, after storage 

Rabbit AW 3 days in 0-5 M KCl, pH 7-3 6130 G 4660 G 
6 weeks in 0-5 M KCl, pH 7-3 6130 G 2640 G 

* 6 weeks in 0-5 M KCl, pH 7-3 1300 B 750 B 

24 hr. in glycine buffer, pH 9-6 4450 G 3180 G 

4 days in bicarbonate-carbonate buffer, pH 9 1300 B 694 B 

Horse AV 4 days in 0-5 M KCl, pH 7 723 B 340 B 
4 days in 0-5 M KCl, pH 7 1400 G 1700 G 

24 hr. in bicarbonate-carbonate buffer, pH 9 23 B 560 B 

Horse AN 6 weeks in 0-5 M KCl, pH 7:3 910 B 48 B 
Chicken AO 5 weeks in 0-5 M KCl, pH 6-5 830 B 355 B 
Frog AQ 4 weeks in 0-5 M KCl, pH 7-7 210 B 49 B 


Comparison of AT P-ase with the phosphatase systems of liver and electrical tissue 


It seemed of great interest to compare myosin ATP-ase with other phosphatase systems, 
e.g. those of liver and electrical tissue. The latter is especially important because it is 
derived embryologically from muscle rudiments, although myosin is characteristically 
absent [Bailey, 1939]. The liver phosphatases have been investigated by several workers. 
Jacobsen [1931] and Barrenscheen & Lang [1932] investigated a specific ATP-ase which 
was inactive towards glycerophosphate and inorganic pyrophosphate, but was able to 
hydrolyse ATP to adenylic acid. Satoh [1935] has contested these findings on the grounds 
that complete dephosphorylation of ATP occurs by the combined action of a pyro- 
phosphatase and a phosphomonoesterase, the latter presumably being somewhat specific. 
In the present instance no attempt has been made to fractionate the liver and electrical 
tissue phosphatase systems. Supposing that they consist of several enzymes, e.g. a mixture 
of various pyrophosphatases and phosphomonoesterases, it is probable that they will break 
down ATP to adenylic acid or even to adenosine, and will also attack inorganic pyro- 
phosphate. It was thought possible, especially in the initial stages of hydrolysis, to 
demonstrate that these enzymes, which already differ from muscle ATP-ase in that they 
are not associated with a myosin-like protein, also differ in their response to activation 
by the Ca and Mg ions. 

Preparation of liver phosphatases. A freshly excised rabbit’s liver was minced and 
stirred into 6 parts of 0-5 M KCl containing sufficient bicarbonate to maintain at pH 7. 
After stirring at 1° for 1} hr. the mixture was filtered through paper pulp, dialysed over- 
night against ice-cold water, and again filtered. 

Preparation of the eiectrical tissue phosphatases of Raia clavata. 90 g. of the electrical 
organ were minced and extracted with buffered KCl as in the case of liver. This operation 
was carried out at the Torry Research Station by the kindness of Dr G. A. Reay. The 
extract was dialysed at pH 7 and the globulin precipitate which separated was discarded. 
This latter consists largely of a denatured protein which is not myosin [Bailey, 1939). 
The supernatant fluid was used for enzyme tests. 
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The actions of rabbit myosin, liver and electrical tissue phosphatases were studied in 
bicarbonate-carbonate buffer, pH 9, using ATP and Na,P,0, as substrates. To varying 
amounts of enzyme, contained in 1 ml. of 0-2% buffer, were added 0-05 ml. of 0-18 V 
activator chloride (Ca or Mg) and 0-5 ml. of substrate containing 0-14 mg. of 7’ P. The 


Table 10. Actions of rabbit myosin (AT P-ase + ADP-ase), liver and 
electrical tissue phosphatases upon ATP and Na,P,0, 


In bicarbonate-carbonate buffer, pH 9, temperature 37°. 
% 7 P split 





Time of — ee sy 
Protein-N incubation ATP Na,P,0, 
Source of enzyme mg. Activator min. substrate substrate 
Rabbit muscle 0-27 None 5 7 Nil 
myosin 30 16 Nil 
180 51 Nil 
0-27 Ca 5 47 Nil 
30 48 Nil 
180 55 Nil 
0:27 Mg 5 21 Nil 
30 48 : Nil 
A 180 76 Nil 
None 
0-66 Ca 180 — Nil 
Mg 
Liver 0-2 None 5 Trace _ 
30 1] Trace 
180 25 ll 
0-2 Ca 5 8 — 
30 14 Trace 
180 51 7 
0-2 Mg 5 9 Trace 
30 16 20 
180 69 32 
0-7 None 180 94 32 
Ca 180 — 12 
Mg 180 — 100 
Electrical tissue of 0-18 None 5 9 — 
Raia clavata 30 26 8 
180 50 10 
0-18 Ca 5 10 — 
. 30 25 8 
180 64 10 
0-18 Mg 5 12 — 
30 26 Trace 
180 95 8 
0-4 None 5 ll — 
30 35 — 
180 75 — 
0-4 Ca 5 10 — 
30 33 — 
180 81 — 
0-4 Mg 5 13 _ 
30 48 _ 
180 135 — 
0-8 None 180 148 70 
0-8 Ca 180 — 33 
0-8 Mg 180 — 100 


tubes were incubated in the usual way at 37°. The results, recorded in Table 10, may be 
summarized as follows: (1) Myosin which possesses both ADP and ATP activity has no 
action upon inorganic pyrophosphate. (2) Liver and electrical tissue attack both ATP 
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and Na,P,0,. With ATP, the liver enzymes split off two phosphate groups, and the 
electrical tissue all three. (3) Assuming that the lack of specificity of these two enzyme 
systems is due to mixtures of specific or unspecific pyrophosphatases, there is no evidence 
that the activation effects produced by Ca are at all comparable with those of muscle 
ATP-ase. Although activation by Ca is discernible, it is not the characteristically rapid 
type of activation observed with myosin, and on prolonged incubation the Mg-activated 
systems show most splitting, as in the case of myosin containing ADP-ase impurity. It 
seems reasonable to conclude therefore that myosin ATP-ase differs from the pyrophos- 
phatases of liver and electrical tissue. 

Since myosin preparations do not attack monophosphates [D. M. Needham, 1942] or 
inorganic pyrophosphate, it seemed important to test its action upon some organic pyro- 
phosphate other than ATP, e.g. potassium diphenylpyrophosphate. By chemical methods 
it was possible to show that this compound is not hydrolysed by myosin to phenol and 
free phosphate, but the possibility of breakdown to phenylphosphate necessitated an 
investigation by the Warburg manometric technique, carried out with the assistance of 
Dr J. Brooks. The rabbit myosin AY, four times precipitated, was dissolved in NaHCO, 
solution and diluted to contain 1% of buffer and 0-24% of protein. 1 ml. of buffered 
protein was mixed with 0-05 ml. of 0-09 N CaCl, and after equilibration at 25°, 0-5 ml. 
of substrate (ATP or diphenylphosphate) containing 0-14 mg. of pyrophosphate-P was 
added from the side vessel. Controls of protein+ water, buffer+ ATP, buffer + diphenyl- 
pyrophosphate were set up at the same time. Over a period of 2 hr. no breakdown could 
be observed except in the vessel containing myosin and ATP, and here the phosphate 
liberated amounted to 41 % of the total 7’ P. 


The possible identity of myosin and AT P-ase ‘ 
In the preceding sections we have dealt in a systematic way with the ATP-ase activity 
of myosin preparations, and so far little reference has been made to the possible identity 
of the enzyme with myosin itself. In general an individual enzyme, whether of plant or 
animal origin, contributes little to the total weight of the whole organism. The analyses 
of Bate Smith [1937] and of the author [1939] indicate that myosin constitutes, according 
to the type of muscle analysed, some 57-70% of the total protein of muscular tissue, 
which itself may comprise 50% or more of the total body weight. Such a protein, acting 
as an enzyme and occurring in such vast amounts in the animal body, introduces a some- 
what revolutionary change in our conception of the nature of organic catalysts. Yet it is 
not difficult to see that the combination in one protein of physical characteristics which 
are responsible for muscular contraction and enzymic characters which act as a trigger 
mechanism to an energy-yielding reaction is not an improbable one. It is possible to 
establish a reasonable case for an identity of this kind only by the massive accumulation 
of evidence which is mostly negative in character. 

Foremost amongst the evidence at present available is the fact that myosin cannot be 
separated into fractions of greater activity than that of the original protein. The types of 
fractionating process which have been employed are: (1) repeated precipitation by dilu- 
tion of the protein sol; (2) salting out with graded strengths of buffered ammonium 
sulphate ; (3) short heat treatments in presence of salt, or of salt and alcohol (cf. prepara- 
tion of flavoprotein [Straub, 1939]); (4) digestion with trypsin and recovery of protein at 
various stages of proteolysis. In all cases the activity of a given fraction was equal to, 
or less than, that of the original myosin, and was always associated with myosin-like 
protein. As we have seen, the repeated precipitation of myosin as in (1) is without effect 
on ATP.-ase activity but is adequate for the removal of ADP-ase impurity. This at least 
indicates that myosin does not act as a specific adsorbent for other phosphatases. Other 
factors which strengthen the view that myosin and ATP-ase are identical may be sum- 
marized as follows: (a) the electrical homogeneity of the ascending boundary of myosin 
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during cataphoresis ; (b) the comparable activities of various myosin types, e.g. not only is 
the activity of myosins from individual animals of the same species fairly constant, but 
the myosins prepared from mammalian and avian (skeletal) muscles, which appear to 
have almost identical chemical compositions [Bailey, 1937], have also similar activities. 

Against this evidence it may be pointed out that one of the properties which in the 
past has been considered most fundamental to myosin—that of double refraction of flow 
—bears no relation to enzymic activity. It does not follow a priori that the anisotropy of 
the muscle fibril, which consists of myosin particles in the form of an oriented gel, will give 
rise to doubly refracting sols. This property will be governed not only by the asymmetry 
of the molecule, but also by the manner in which the molecules aggregate to form a 
solvatable micelle. The work of Edsall & Mehl [1940] and of Needham e¢ al. [1941] has 
emphasized the dependence of double refraction of flow not only upon salt concentration 
but also upon the type of salt present. It is easy to see that on the one‘hand the micellar 
properties might be greatly influenced by the solvent parameters without appreciably 
influencing the specific activity of the enzyme grouping, and that on the other this activity, 
affecting but a small fraction of the surface of the molecule, might be entirely lost without 
demonstrably affecting the micellar properties of myosin. On this view, double refraction 
has no bearing upon the enzymic property and is more directly connected with the manner 
in which myosin molecules tend to aggregate or disaggregate. For similar reasons there 
is no systematic correlation between enzyme activity and solubility of myosin in salt 
solutions. The ATP-ase activity can be destroyed with or without a concomitant loss of 
solubility, but the anomalous behaviour of myosin towards ‘denaturation’ processes 
makes it impossible to use this fact as an argument against the identity of myosin and 
the enzyme. It is not difficult to see that the processes which cause inactivation—heat 
treatment, dehydration with organic solvents, addition of acid and alkali—can affect the 
special enzymic grouping, and only some of these processes affect solubility. As an ex- 
treme example, salt-free myosin can be acidified to a pH below 1 without affecting its 
gross solubility in salt at pH 7, but we could not expect the enzymic grouping to survive 
this treatment. 

Perhaps the most serious objection against the case for the identity of myosin and 
ATP.-ase is the low activity of the amphibian and cardiac myosins, as yet only measured 
in bicarbonate buffers. Future investigation may establish that this is due either to the 
presence of inhibitory metals or to the greater instability of the myosin during purification. 
In the latter connection it has been observed that some myosins, e.g. crab, fish, and to a 
less extent the cardiac myosins, tend to give products which form a type of pseudo-sol. 
This indicates the beginning of side-chain cohesion and of denaturation, and it should be 
noted that any process which renders myosin insoluble also inactivates the enzyme, 
although as we have seen, inactivation is not always accompanied by loss of solubility. 

Finally, it is of importance to compare the activity of myosin preparations with those 
of other purified enzymes. Neglecting the exceptional activities of enzymes such as 
catechol oxidase, Qo, ~ 10° [Keilin & Mann, 1938], other values, selected from a list com- 
piled and kindly made available by Dr M. Dixon, are: xanthine oxidase, Yo, at 38°, 2500; 
uricase, Yo, at 38°, > 5000; rabbit myosin, Q, at 37°, ~ 6000; carboxylase, Qco, at 30°, 
12000; pepsin, ca at 35°, 20000; amino-acid oxidase, Qo, at 38°, 26000 ; lactic 
dehy drogenase, Yo, at 38°, 60000; diaphorase, Qo, at 38°, 180000. It is thus seen that 
although myosin is ‘by no means as active as the majority of pure enzymes, its activity is 
of the same order as those of xanthine oxidase, carboxylase and pepsin, and with our 
present knowledge concerning the instability of ATP-ase, there is no reason to believe 
that the optimum conditions for activity measurement have yet been found. A strict 
comparison as activity/mole rather than activity/mg. would be more informative if there 
were a clear indication that not more than one enzyme grouping is present in each protein 
molecule; if only one, the activity of myosin, which possésses a particle weight of ~ 10° 
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[Weber & Stéver, 1933], may be multiplied 10-fold for comparison with other ‘corpus- 
cular’ enzymes of mol. wt. < 10°. But quite apart from this consideration, it is essential 
to interpret the activity of myosin, if not of other enzymes, in terms of the capacity of the 
muscle itself to hydrolyse ATP. Since 100 g. of muscle may contain 12 g. of myosin, the 
present Q, values of 4000-6000 are sufficiently high to justify the conclusion that the 
ATP.-ase system is of very great physiological significance. 


Discussion 


From the previous section we have seen that none of the evidence available at the present 
time is essentially antagonistic to the hypothesis that ATP-ase and myosin are identical. 
If they are really so, future research must be guided by some working hypothesis re- 
garding the mechanism of muscle contraction. The facts which seem to have some rele- 
vance when we attempt a correlation of our present data with the actual process of 
‘contraction can be summarized as follows: (1) Myosin and ATP-ase are identical or so 
closely associated that-we can regard them as a single entity. (2) Myosin is the contractile 
element disposed in the form of folded chains lying roughly parallel to the axis of the 
fibre. (3) The reaction which is capable of supplying free energy for contraction and 
which is most closely associated in time with the act of contraction is the breakdown by 
ATP-ase of ATP to ADP and phosphate. (4) Of the divalent ions present in muscle, 
ATP.-ase is specifically activated by the Ca ion. (5) Ca is necessary for muscular contrac- 
* tion. Its importance in maintaining the response of isolated muscle to stimulation has 
been known from the earliest systematic studies in muscle physiology. We may recall the 
classical experiments of Ringer and of Locke, and especially those of Mines [1913] who 
discovered that the excitatory process could proceed in absence of Ca, although the 
muscle was unable to contract. This recalls the earlier experiments of Locke & Rosenheim 
[1907], who concluded that ‘The state of the active surface in absence of Ca is such that 
...an increase of surface energy cannot take place’. (6) The electrical change accom- 
panying excitation is connected with the diffusion of ions in the region of the excited area. 
Contraction is also accompanied by ionic changes, and although little is known of the 
divalent ions and much of the evidence is conflicting, there appears to be an increase in 
diffusible Ca [Weise, 1934]. The exchange of univalent ions during contraction, e.g. the 
loss of K in exchange for Na [Fenn & Cobb, 1936], is well established and would be 
expected to affect the distribution of divalent ions. (7) The Ca ion cannot be replaced by 
Mg, either for the maintenance of contraction or as activator to the ATP-ase system. The 
presence of Mg in muscle has been generally associated with other phosphorylating 
enzymes for which it is a specific activator. 
From these facts we suggest that the essential feature of excitation and contraction— 
| we cannot at present dissociate the two phases—is the liberation of the Ca ion in the 
_neighbourhood of the ATP-ase grouping, which can thus by the almost instantaneous 
catalysis of ATP breakdown’ make available a large: amount of energy. For it is 
legitimate to assume that the living cell in the resting state can provide a mechanism for 
the separation of enzyme and activator, until they are brought together as the result of 
excitation. Indeed much of the work on the permeability of the cell membrane in general 
has shown that important changes in physical state result from the transfer of ions, and 
in particular the transfer of the Ca ion. The liquefaction of the plasmagel due to loss of 
Ca can be cited as an example [Heilbrunn & Daugherty, 1933]. On the present hypothesis 
such a translocation in the case of muscle causes a sudden acceleration of ATP breakdown 
which continues as long as a supply of ATP is available and as long as stimulation lasts. 
The factor which limits the supply of energy to the contractile element is therefore the 
rate of ATP resynthesis. Now the breakdown of ATP will also accelerate the phosphory- 
lation cycles which cause resynthesis and which connect the adenosine nucleotides with 
the breakdown of creatine phosphate and, somewhat more remotely, with the breakdown 
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of glycogen [D. M. Needham, 1942]. On this hypothesis the breakdown of ATP by 
myosin ATP-ase ceases when stimulation ceases, but by virtue of other enzyme systems 
present, ATP continues to take part in the cycles which are directed towards resynthesis 
of glycogen and recovery of the muscle. 

4 In this oversimplified picture we have neglected some of the problems which have 
always been outstanding in theories of muscular contraction. These may be summarized 
as (a) the way in which energy is transferred from the reactions associated with the 
glycolytic cycle to the contractile surface; (b) whether such energy is utilized simul- 
taneously with the act of contraction; or (c) whether it is supplied during the period of 
relaxation, enabling the potential energy of the fibril to be restored in such a way that 
contraction results by virtue of a trigger mechanism associated with the nerve impulse 
[Ritchie, 1933]. We cannot at the present time add profitably to these discussions except 
to indicate that in connection with (a) changes in the ionization of groupings along the 
protein chain must ultimately play a predominant role [Meyer & Mark, 1930; see also the 
review by von Muralt, 1933], and that the recent trend of muscle physiologists has been 
to favour the Ritchie theory (c) rather than the older scheme [cf. Parnas, 1933; Needham 
et al. 1941]. The controversy has however an important bearing upon the exact definition 
of whether, on our present suggestion, the availability of Ca to the enzyme system is due 
directly to the stimulus, or follows more indirectly from the act of contraction. The first 
concept follows from the older scheme, and the second from the Ritchie theory, but at the 
present stage we have too little evidence on which to base any exact formulation. 


In recent discussions, one important aspect of muscle contraction, and one which , 


directly concerns the present investigation, has been almost entirely neglected, viz. why 
the nucleotides play such a vital role in the glycolytic cycle, and why, as we have reason 
to believe in the case of ATP, they are associated in a physical sense with the contractile 
mechanism itself. There are other exothermic reactions in muscle which could conceivably 
replace the ATP-ase system, if the problem were merely one whereby energy in some 
unspecified manner might be supplied to the contractile element. But when we consider 
that substances of the nature of ATP, namely the nucleotides and their polymers, enter 
into the structure of many conjugated proteins, or are present as coenzyme in a dissociable 
enzyme-coenzyme system, we see that the problem has a wider aspect and that nucleotides 
have a special affinity for the protein mnolepule {The passage of nucleates in and out of the 
chromosome, for example, is related to longitudinal splitting and changes in length [cf. 
Caspersson, 1941], and the reproduction of one virus molecule by another is a property of 
a nucleoprotein. Or again, simple and polymerized nucleotides are of the greatest im- 
portance in many enzyme reactions, e.g. codehydrogenase I, a diphosphopyridine nucleo- 
tide; codehydrogenase II, a triphosphopyridine nucleotide; cocarboxylase, a pyrimidine 
thiazole pyrophosphate; the coenzyme of d-amino-acid oxidase and of xanthine oxidase, 
alloxazine-adenine dinucleotide. The relationship which exists between ATP and the 
myosin surface is probably only one aspect of a much wider problem—the role of nucleo- 
tides in some of the most fundamental life processes. One clue to their function has been 
given by Astbury & Bell [1938] and Astbury [1939] in a study of the X-ray patterns of 
sodium thymonucleate and of the complex formed by thymonucleic acid with clupein. 
The columnar spacing of nucleoside residues along the polyphosphoric chain is equal to 
that of amino-acid residues along a fully extended polypeptide chain such as {-keratin, 
and in the combination of protamine with nucleic acid the two periods fit perfectly. The 
closely packed columnar configuration of linked nucleotides thus acts as a rigid template 
structure which seems to be utilized as an extending and orienting mechanism for the 
polypeptide chain. In this connection we see how significant is their presence in the 
chromosome and the virus. The contractility of muscle is due to changes in configuration 
of the polypeptide chain of myosin, and the manner in which ATP takes part in such 
changes cannot be more than guessed at, but it must be related, at least in part, to a 
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special type of affinity between certain groups on the protein and simple or polymerized 
ATP molecules, acting perhaps for the moment as a transient template. However that 
may be, the enzymic mechanism which can modify the influence of the nucleotide—in 
presence of a specific activator—is significantly associated with the myosin itself. In this 
way, muscle contractility may be a highly specialized case of a phenomenon of which 
several general instances are seen in the fission of the chromosome and reproduction in 
the virus. As regards future research, it is thus especially important to study the coni- 
bination of the protein and substrate, both in solution and on the surface of myosin 
fibres, and the beginning of such work has already been reported by Engelhardt et al. 
[1941]. 
SUMMARY 


1. Myosin prepared from the skeletal and cardiac muscle of various animals breaks 
down adenosinetriphosphate to adenosinediphosphate. The reaction is activated by the 
divalent metals Ca and Mn, and to a much less extent by Ba, Mg and Fe++. Fe+++ and 
Al do not influence the reaction greatly, but Cu++ completely inhibits. The most efficient 
activator thus far discovered is Ca*+. 

2. Myosin only once precipitated contains an adenosinediphosphatase impurity which 
is removed after 2-3 precipitations. This enzyme is activated by the ions Mn>Mg>Ca. 

3. The enzymic activity of myosin preparations is greatest at pH 9, and is much greater 
in amino-acid buffers than in bicarbonate-carbonate. The increase is due partly to the 
greater stability of the enzyme and partly to the co-ordination of heavy metal inhibitors 
in amino-acid buffers. In glycine-NaCl buffer at 37°, the activity unit Q, for rabbit 
myosin varies between 3000 and 6000. The Q, of myosins from the skeletal muscle of the 
rabbit, chicken and horse are greater than those of the frog and toad, and-greater also 
than the cardiac myosins of the pig and rabbit. The activity decreases when myosin is 
stored. 

4. Purified myosin preparations do not attack adenosinediphosphate, potassium 
diphenylpyrophosphate and inorganic pyrophosphate. 

5. There is no apparent relation between the enzymic activity of myosin preparations 
and their ability to form sols exhibiting double refraction of flow. 

6. The adenosinetriphosphatase of muscle differs, both with respect to its specificity 
and to the manner in which its activity is affected by the Ca and Mg ions, from the 
phosphatase systems of other tissues, e.g. liver and electrical tissue. 

7. Whilst it is possible to obtain myosin free from adenosinetriphosphatase activity, 
it has not been possible to obtain the enzyme unassociated with myosin. None of the 
evidence is contrary to the view that myosin and enzyme are identical. 

8. The relation of present experiments to the mechanism of muscular contraction is 
discussed. In particular it is suggested that stimulation is connected with the availability 
of activating Ca ions to the myosin adenosinetriphosphatase fibrillar surface. 


I am particularly indebted to Dr E. C. Bate Smith for his collaboration in formulating , 
the discussion of the present paper, and also to Dr D. Moyle Needham and to Dr W. T. 
Astbury for their advice and criticism. I am grateful to the Food Investigation Board for 
the facilities placed at my disposal, and to the Rockefeller Foundation for financial 
assistance. 

The research is published by permission of the Department of Scientific and Industrial 
Research. 
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Certain denaturation products of the seed globulins, edestin and excelsin, have been 
studied by X-ray diffraction analysis [Astbury et al. 1935]. The fundamental observation 
emerging from this research was that a corpuscular protein could be denatured and mani- 
pulated to give a molecular pattern resembling that of 8-keratin. We were tempted by this 
revelation to depart from the classical definition of protein denaturation, and to designate 
the 8-keratin structure, or some approximation to it, as representing the final state of 
denaturation processes. At the same time, it was apparent that intermediate stages of 
protein degradation could be distinguished. Diffraction photographs of large air-dried 
excelsin crystals indicated a partial transition from the crystalline globular arrangement 
of the protein molecules to a more fibrous state. It seemed desirable at this stage to 
investigate in some detail the conditions governing the formation of these intermediate 
denaturation products, derived on the one hand from a molecule of precise and perhaps 
unique configuration, and giving rise by suitable treatment to a well-defined fibrous 
configuration. — . 

At the beginning of the century, T. B. Osborne [1901; 1902, 1, 2] became interested in 
the formation of protein derivatives which he called proteans, and he gave particular 
attention to edestan, the protean derivative of hemp-seed globulin. The proteans were 
defined as the salt-insoluble globulin derivatives produced in small amounts during | 
crystallization and preparative processes, and especially by the action of the most dilute 
acids. Osborne’s careful experiments on thé formation of edestan, hampered as they were 
by the meagre physico-chemical data existing at that time, must be considered as classical 
contributions which have not received the recognition they deserve. From our present 
standpoint, his most important observations were: (1) that the acid salt of the protein 
was the precursor of the denatured product; (2) that the amount of denatured protein 



































formed in a given time depended upon the acidity of the solution; (3) that the transforma- 
tion could proceed at a measureable rate. The denaturation of proteins by acids is a very 
general phenomenon. Ultracentrifugal studies in Svedberg’s laboratory and elsewhere 
have shown that for each protein there is often a characteristic pH range outside the 
limits of which there may be irreversible denaturation changes, sometimes accompanied 
by the breakdown of the molecule into smaller components. Since the process is not 
peculiar to the plant proteins, and since the means of denaturation is one of many, it is 
now unnecessary to maintain Osborne’s specific nomenclature in the case of acid-denatured 
globulins, except perhaps in the case of edestan, the classical and most investigated 
derivative of this type of denaturation change. 

In the present study, several aspects of the breakdown of edestin to edestan have been 
investigated. Kinetical experiments have been designed to measure the effect of pH, 
protein concentration and temperature, and in addition, the denaturation mechanism has 
been studied by ultracentrifugal and X-ray analysis. Some chemical manifestations of the 
change, e.g. the liberation of SH groups, have also been followed. Wherever possible, 
analogies have been drawn between the formation of edestan and of the insoluble pro- 
ducts formed during manipulation of protein-containing tissue extracts [Bailey, 1939]. 
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It is important at the outset to stress that neither edestin nor the majority of other 
plant proteins can certainly be considered as completely homogeneous with respect both 


‘ to particle weight and to electrical charge. This point is of primary importance in the 


consideration of the kinetical experiments. In most cases homogeneity has been estab- 
lished in the ultracentrifuge but has not been supplemented by electrophoretic or 
solubility experiments. That edestin is monodisperse in the ultracentrifuge was established 
by Svedberg & Stamm [1929] and confirmed by Philpot [present communication]. 
Electrophoretic experiments are rendered almost impossible by the extreme insolubility 
of edestin at low temperatures and low ionic strengths. The solubility of a ‘standard’ 
edestin preparation however was studied by the author in the laboratory of Dr E. J. Cohn 
of the Harvard Medical School, and was found to be greatly dependent upon the solvent- 
solute ratio, both in polar and dipolar solvents. By fractionation it was possible to obtain 
products differing in respect to gross solubility behaviour, but all attempts to obtain a 
fraction obeying the ideal solubility laws met with complete failure. This does not 
necessarily indicate that edestin is not homogeneous. In addition to the more generalized 
hypotheses advanced by Sorensen [1930; 1933], Bonot [1934; 1937] and Bronsted [1938], 
Steinhardt [1938, 1; 1939] has emphasized that the equilibrium between non-protein and 
protein components must be considered, and may exist independently of the dissolved 
phase. Such ‘impurities’ are known to occur in the case of pepsin and are shown here to 
be present in edestin. Yet it must be admitted that ideal solubility behaviour has often 
been achieved by removal of a protein rather than a non-protein impurity. The frac- 
tionation of horse-serum albumin by McMeekin [1939] is an excellent example. A simple 
phase-rule solubility, however, has generally been demonstrated only in the case of pro- 
teins with particle weights below 70,000. For large molecules like those of edestin, with 
a particle weight above 300,000, we may find that the laws governing the solubility of 
colloidal bodies hold more nearly, e.g. the Ostwald-Buzd4gh ‘Bodenkérperregel’. No 
attempt has been made in subsequent experiments to derive conclusions which depend 
for their validity upon an assumed homogeneity both of particle weight and electrical 
charge. 


EXPERIMENTAL 
(1) Preparation of edestin 


1 kg. of freshly ground hemp seed was extracted at 50° with 2 1. of 5% NaCl for 1 hr. 
The extract was squeezed through calico and filtered hot through a 2 in. layer of filter 
pulp. The clear filtrate was cooled slowly to room temperature and then to 5°, and the 
edestin crystals were centrifuged and twice recrystallized from hot 5°, NaCl solution. 
The preparation was washed with distilled water until the wash liquors became slightly 
colloidal, and the paste was then dried in absolute alcohol, warm ether and finally in air. 
It was ground to a fine powder and sieved through muslin. In general it contained 10— 
12% moisture giving on a water-free basis 0-1 % ash and 18-65% N. 

The pH of the freshly prepared protein suspended in CO,-free water was usually be- 
tween 5-3 and 5-5. The dried crystals, when dissolved in unbuffered NaCl give a sol 
containing only a minute amount of edestan formed in the washing process, and imparting 
only a slight haze to the solution. 


(2) Kinetics of edestan formation 


When increasing amounts of neutral salt are added to a native seed globulin at a pH value 
within the isoelectric zone, a concentration is reached at which the protein is freely 
soluble. If the native protein undergoes a change whereby, under the same conditions of 
pH and salt concentration, it is no longer soluble, it is said to be denatured. The solvent 
parameters will vary from protein to protein, some proteins being very soluble at low 
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temperatures and low ionic strengths, and others, like edestin, being soluble only when 
the salt concentration is fairly high. Native edestin is freely soluble in 1-71 M NaCl at 
20°, and this solvent is a suitable one for separation of the undenatured and denatured 
components, provided that the protein is isoelectric or slightly on the alkaline side of the 
isoelectric zone. The isoelectric zone of edestin, from the results of several workers, is near 
pH 5-5. Michaelis & Mendelssohn [1914] found for example that the point of maximal 
precipitation in acetate buffers was at pH 5-6, and Svedberg & Stamm [1929] at pH 5-5. 
The osmotic pressure minimum according to Hitchcock [1921-22] lies between pH 5 and 
6 and the isoelectric point as determined by cataphoresis between 5-5 and 6. The edestin 
used in the present experiments on suspension in CO,-free water gave a pH value near 5-5. 
On acidifying with HCl in absence of salt it passed into clear solution at an equilibrium 
pH of 4-9, and when the original pH of such a solution was once more restored, it was 
found, after addition of neutral salt, that a portion of the protein remained undissolved. 
This portion, the edestan, is extremely insoluble in neutral salt over a wide pH range 
[Osborne, 1902, 1]. To measure therefore the proportion of edestin and edestan in a given 
system it is not so essential to define an exact pH at which the denatured portion is com- 
pletely precipitated, as, for example, in the denaturation of albumins. It is more essential 
to ensure that the undenatured portion is completely dissolved in a suitable concentration 
of neutral salt. The amount of protein remaining undissolved under these conditions, or 
the amount of protein passing into solution, can give a measure of the extent of denatura- 
tion or degradation only if the production of edestan is unaccompanied by the formation 
of any considerable amount of salt-soluble breakdown products. This possibility has been 
ruled out by determining the homogeneity and sedimentation constants of the salt- 
soluble portion separated from the edestin-edestan system. Moreover, the assumption 
has been made, that over the pH range in which it was possible to measure the rate of 
edestan formation (between pH 3-9 and 4-9) the same type of denaturation change occurs. 

Edestan formation as a function of time, pH, protein concentration and temperature. 
The dry protein was suspended in water at constant temperature, and after 3-4 min. was 
brought into solution by adding with rapid stirring a measured volume of V/10 HCl over 
a period of 5 sec. (The equilibrium pH of this solution was measured some 4 hr. later by 
means of the hydrogen-calomel electrode.) Aliquots of the solution were pipetted into 
a series of dry standard flasks containing solid NaCl, and at definite time intervals after 
acidification, solid NaCl was added to precipitate the protein, followed immediately by 
an amount of NaOH equivalent to the HCl initially added. The solutions in each flask 
were diluted to volume, the final NaCl concentration being 10 g./100 ml. of solution. The 
flasks were then equilibrated with frequent shaking for 2-3 hr. at 20°. The precipitated 
edestan was separated by filtration and the amount of salt-soluble protein was found by 
determining the N-content in an aliquot of filtrate using the Kjeldahl method. The 
amount of edestan present was thus obtained by subtracting the total salt-soluble protein 
from that originally present in the acid edestin sol. 

To check the reliability of the method in relation to the amounts of edestin and edestan 
in a given system, an edestin-HCl sol was prepared containing 0-986 g. of protein/100 ml., 
equilibrium pH 4-5, temperature 18°. 20 ml. aliquots were withdrawn at arbitrary 
intervals, 2-5 g. of NaCl and the necessary amount of NaOH were added and the solutions 
adjusted to 25 ml. After equilibration, the solutions were filtered and the N estimated in 
the filtrate. In an exactly parallel series, 50 ml. aliquots were treated in the same way and 
at the same times, but instead of estimating soluble N, the edestan was filtered off in 
weighed Gooch crucibles. It was washed with 20 ml. of 10% NaCl, and successively with 
water, alcohol and ether. After drying to constant weight at 105° it was weighed. The 
added amounts of edestin and edestan thus determined approximate closely to the total 
protein concentration as determined directly by the Kjeldahl method on the protein acid 
sol (Table 1). 
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Table 1. Edestin and edestan present at arbitrary time intervals 


Edestin 
52-3 
61-7 
68-2 


as percentage of the total protein 


Edestan Total Edestin Edestan Total 
50-5 102-8 77-3 22-4 99-7 
39-6 101-3 81-1 18-9 100-0 
34-6 102-8 90-7 11-8 102-5 


Mean 101-5 


Figs. 1-3 represent graphically the amount of undenatured protein remaining after an 
acid edestan sol has been kept at various values of equilibrium pH, temperature and 
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Figs. 1, 2, 3. Salt-soluble protein in edestin-edestan systems for various values of equilibrium pH, plotted 
against time. Fig. 1: total protein concentration 1%, temperature 20°. Fig. 2: total protein concentra- 
tion 0-3%, temperature 20° (full-line curves). Fig. 3: total protein concentration 1%, temperature 2° 
(full-line curves). Fig. 4. pH of edestin-edestan systems as a function of time, protein concentration 


1%, temperature 20°. 


protein concentration. The ordinates represent the value 100 (A —-2)/A (where A is the 
total protein concentration of the acid edestin sol, and x the amount of edestan at any 
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time ¢t) and the abscissae the time in minutes. Each curve contains points derived always 
from two, and sometimes from three separate experiments. 

In Fig. 1 only the equilibrium pH is varied, whilst the protein concentration remains 
at 1% and the temperature at 20°. At all pH values there is a rapid initial production of 
edestan, followed by a much slower reaction in which the amount of edestan increases 
only slowly over a long period of time (24-48 hr.). At the equilibrium pH of 4-85 (curve 
A), the point at which edestin suspensions pass completely into solution, the formation 
of edestan is relatively slow, but below pH 3-9 (curve £) is too fast to be measured 
accurately. 

In Fig. 2 the protein concentration is reduced to about 0-3%, the temperature re- 
maining at 20°, and the pH varied. The curves are contrasted with those in Fig. 1 (dotted 
lines) obtained at similar pH values with a higher protein concentration. It is seen that 
a decrease in protein concentration decreases the rate of edestan formation. 

In Fig. 3 the temperature at which edestan formation is allowed to proceed is lowered 
to 2°, the protein concentration remaining at about 1%. Again the curves for two dif- 
ferent equilibrium pH values are compared with two from Fig. 1 (dotted lines) obtained 
at the same pH values but at a higher temperature. Within experimental error, the rate 
of edestan formation at 2° is the same as that at 20°. Even without reference to the com- 
plicating factors discussed below, this result is not surprising. Steinhardt [1937] has 
pointed out that the temperature effect in acid denaturation is often smaller than in 
alkaline solutions. The reason for this difference is that the denaturation mechanism must 
ultimately be related to the charge distribution of the molecule and therefore to the dis- 
sociation of carboxyl groups in this pH range. The effect of temperature on the dissociation 
is extremely small. 

None of the curves in Figs. 1, 2 or 3 is unimolecular. The experimental methods and 
procedure have been varied without modifying essentially the course of the curve. In 
some experiments, for example, the amount of edestan formed has been measured in 
buffered salt solutions in order to eliminate any discrepancy arising from pH variations 
in solutions in which the protein itself was the sole buffering medium. 

The apparent reaction kinetics of these curves were worked out in great detail, and it 
was found that they could be described in two ways: (1) by an equation representing a 
reaction of a high order. 


1 , 
Ki=(5 — er ie 


where A and x have their previous significance, and « is the order of the reaction; and 
(2) by the existence of two or more simultaneous unimolecular reactions. Because of the 
arbitrary criteria adopted for the study of denaturation rate, and the possible inhomo- 
geneity of edestin, some deviation from the unimolecular law was to be expected, but 
it was felt that some specific explanation of such profound deviation must also be 
offered. An interpretation was sought in two ways. First, if edestin consists of several 
components, denaturing at different rates at any one pH value, then the undenatured 
protein recovered during the later part of the denaturation reaction, should, when ex- 
posed again to the same conditions of pH and temperature, denature at a rate different 
from that of the original protein. This view was not supported by experiment. Secondly, 
if the pH of the system, immediately after the addition of acid, migrates towards a more 
alkaline value, then the undenatured protein existing in the system at any time ¢ will 
denature increasingly slowly as ¢ progresses. The pH of the edestin-edestan systems were 
therefore measured with a sensitive glass electrode. This was immersed in a 1 % edestin- 
water suspension at room temperature, and N/10 HCl was then added with rapid stirring, 
and the pH recorded at intervals. It was then found that the initial pH at zero time 
might change to a value 0-25-0-6 units higher before an equilibrium pH was established. 
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The most important observation, however, was that the rate of pH change up to the 
equilibrium value was commensurate with the denaturation rate. This is illustrated in 
Fig. 4, where the rate of pH change up to the steady equilibrium value may be compared 
with the denaturation rates in Fig. 1. In the top curve of Fig. 4, which illustrates the 
changing pH of an edestin suspension brought into solution by a minimal amount of 
acid, the alkaline shift proceeds over many hours and cannot possibly be interpreted 
merely as the attainment of ionic equilibrium. Either new titratable groups are released, 
or the process of disorientation and depolymerization during denaturation causes a 
change in the magnitude of the pK values of groups such that they become titratable in 
this pH range. The significance of this effect in the interpretation of protein titration 
curves cannot be overestimated. 

It is possible, however, to derive an approximate curve for the course of denaturation 
at constant pH. From Fig. 4 can be ascertained values of ¢ at which the curves A, B and 
C of Fig. 1 have the same pH value of 4-4. For each value of ¢ can be found the denatura- 
tion rate (dx/dt) and the corresponding value of (a—x). Log (dz/dt) plotted againist 
log (a—2) gives an almost linear relation from which a series of denaturation rates and 
corresponding values of (a—<x) are derived. A final plot of dt/dx against x enables values 
of x at time ¢ to be ascertained. The derived curve, shown as a dotted line in Fig. 1, still 
deviates from the unimolecular law, and quite apart from the large errors involved in a 
derivation of this kind, it can be seen at once from Fig. 1 that a departure from a first 
order reaction is to be expected. For example, the denaturation rate of curve A when 
(A —2) lies between 90 and 100, compared with curve C when (A —2) is 20, is much greater 
than the ratio 100 : 20, yet at these two points the systems have comparable pH values. 

The explanation of a reaction which slows up in such a marked manner cannot, with the 
data at present available, be specific, but several possibilities are worthy of short con- 
sideration. 

(1) Superficially, the slowing up can be described as an equilibrium between native and 
denatured protein, and although an explanation of this kind is common enough in de- 
naturation studies, it does not imply a specific mechanism. We can, however, visualize 
that the interacting effects of the native molecule with the smaller depolymerized units, 
probably possessing new titratable groups and having a new configuration, are rather 
different from those between the molecules of the native protein. We might thus regard 
the native protein as protected by the denatured, in much the same way that a protein 
isolated from a complex mixture of other proteins is often less stable, other conditions 
being equal, than in the unpurified state. 

(2) Denaturation of edestin involves extensive depolymerization of the molecule (cf. 
later sections) and such a process could be visualized as a series of step-wise reactions into 
multiples of the final fragmentary molecule of mol. wt. 17,000. The fact that the average 
size of the molecule in urea is 1/6, and in acid 1/18, that of the native molecule supports 
this hypothesis. At a given point in this chain of reactions, fragmentation is carried so 
far that some components cannot re-establish the soluble native configuration when the 
pH of the system is restored to a value within the isoelectric zone. By using loss of 
solubility as the criterion of denaturation we may thus be measuring only one step in a 
series of linked (exponential) reactions, the final rate being governed by the rate of forma- 
tion of some intermediate product. 

(3) The breakdown into the denatured component may proceed by several paths, and 
the rate of formation of denatured material is governed by the rates of several inde- 
pendent and simultaneous exponential reactions. The derived curve of Fig. 1 could thus 
be represented by an equation (a) involving four such reactions: 


Undenatured component: 
(a—x)=29-7 (0-6913)' + 11-4 (0-9053)! +46 (0-9754)' + 12-9 (0-9995)*. (a) 
Biochem. 1942, 36 10 
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The amount of denatured material at any time ¢ calculated from this equation may be 
compared with the values obtained directly from the curve: 


Time (min.) 0 5 10 15 20 30 40 60 90 120 
(A —2) eale. 100 65 54 47 42 35 30 23 17 15 
(A -2) from curve 65 54 47 42 35 30 23 17 15 


The complexity of a protein molecule makes it probable that even within a homogeneous 
species of molecules the consecutive stages of denaturation do not proceed in an identical 
fashion in the case of every molecule, but the conception of simultaneous denaturation 
paths is even more likely if some proteins have the composition of isotropic systems 
[ef. Cohn, 1938]. 

Equation (a) can also be put in the symmetrical form 


a= (—Cu, ert — Cu, e-r2t — Cuge-st — Cu,e-st + 100-54), 


which now resembles the equation for successive transformations as outlined in (2). In 
this particular case, the theoretical mathematical relations governing the values of the 
constants Cu,—Cu; with the transformation constants A,—A,; (A; being 0) do not hold, 
and if this explanation is at all valid, it would be necessary to invoke a greater number of 
transformations. 

Such explanations cannot of course be offered with any sense of finality, but they serve 
to indicate that the problems connected with fragmentation and denaturation, difficult 
as they are, must be considered fundamental to an understanding of protein structure. 


(3) Ultracentrifuge studies 


A consideration of the kinetical data assembled in the previous section indicated that two 
main problems might be elucidated with the help of the ultracentrifuge: (1) whether 
edestin on the acid side of the isoelectric zone dissociates into smaller molecules of uniform 
size; and (2) whether the salt-soluble protein, obtained by adjusting the pH of the acid 
sol to a value within the isoelectric zone before the whole of the protein has transformed 
to edestan, is the native edestin of normal sedimentation constant. Concerning (1) certain 
data already exist. Adair & Adair [1934], from osmotic pressure data, have calculated 
that the mol. wt. of edestin in approx. V/100 HCl is 17,000. Moreover, Svedberg & Stamm 
[1929], in a study of the mol. wt. of edestin in buffered and unbuffered salt solutions, 
found that at pH 3-1 and 1-8 some breakdown into molecules of half the original particle 
weight occurred, and that some non-sedimenting material was also present. Between pH 
5-5 and 9-7, on the other hand, the protein was monodisperse, and the mean sedimentation 
constant, converted into a basis of sedimentation in water, was 12-8 x 10- cm./sec. The 
diffusion constant of 5-6 x 10-7 em.?/sec. has since been revised by Polson [1937] to 3-93, 
thus necessitating a revision of the particle weight from 212,000 to 309,000. It must be 
emphasized that the pH stability of edestin as defined by Svedberg & Stamm is related 
to the breakdown of the molecule in presence of relatively high concentrations of salt. 
Under these conditions, the protein is precipitated almost quantitatively at the lower pH 
values, and the soluble molecules remaining in solution do not represent a change occur- 
ring in bulk, and may indeed be totally dissimilar from the product obtained when edestin 
chloride, ionizing in salt-free solution, is completely transformed to edestan. 

The following experiments were carried out in collaboration with Mr J. St L. Philpot of 
Oxford, to whom I am indebted for ultracentrifuge runs and for their interpretation. 

(a) Edestan as a dissociation product of edestin. A suspension of edestin in water was 
acidified to pH 4-5 with N/10 HCl and diluted to give a protein concentration of 1%. 
The solution was kept at 20° for 24 hr. and the amount of protein then reconvertible into 
the salt-soluble form was 7 % of the total. The homogeneity of the protein chloride was 
surprisingly good, and the sedimentation constant was 2-63. Since the protein chloride 
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in such a solution is precipitated by a small amount of salt, we were interested to see if, at 
the point of incipient precipitation, we could produce a completely polydisperse system. 
When NaCl to a total concentration of 0-032 M was added to this solution, an opalescent 
sol was obtained, in which the homogeneity became moderate, the sedimentation constant 
rising to 3-0. A further increase in the salt molarity to 0-034 produced a milky fluid in 
which the homogeneity was bad, and which was found to contain coarse particles. 
Intermediate sizes between single molecules and aggregates were detectable, but only 
in low concentration and in such mobile equilibrium that they did not produce definite 
maxima. 

The low sedimentation constants obtained in these experiments suggest a definite 
dissociation into smaller molecules; fibrous molecules, produced merely by molecular 
rearrangement and not by fragmentation, would reduce the sedimentation constant from 
13 to about half its value. The exact calculation of molecular weights from runs carried 
out in salt-free solutions is rendered difficult, however, because of corrections due to a 
large electroviscous effect. 

(6) Monodispersity and sedimentation constant of salt-soluble protein recovered from an . 
acid edestin sol. A protein chloride sol prepared as described in (a) was kept for a short 
time after the addition of acid and was then neutralized to pH 5-5. NaCl was now added 
to 1-24 M, and after removal of edestan by filtration, the concentration of soluble protein 
was found to be 0-43 g./100 ml., representing a recovery of 44 % of the original protein. 
The homogeneity of the recovered protein was good, and the sedimentation constant 13-3 
(corr.) agreed reasonably well with the value of 12-8 obtained by Svedberg and Stamm. 
Another portion of the same sol, was diluted to a faint turbidity, and after cooling to 5°, 
gave the octahedra typical of native edestin. 

From ultracentrifuge experiments, therefore, edestan is a depolymerized product of 
edestin, and under the conditions obtaining in our experiments, it is monodisperse. The 
salt-soluble protein recovered from a system in which edestin is being actively converted 
into edestan resembles the native protein both in crystalline form and in sedimentation 
constant. The presence of salt-soluble degradation products in sols of ‘recovered’ edestin 
was not observed. 


(4) X-ray diffraction patterns of edestin and edestan 


The diffraction patterns were obtained with the assistance of Dr W. T. Astbury and his 
colleagues in the Textile Physics Laboratory of Leeds University. Native edestin pre- 
pared and dried in the manner already described gives rise to a diffraction pattern dis- 
playing not only the characteristic backbone and side chain spacings of about 4} and 
10 A. respectively but an additional spacing of about 15 A. Such a specimen was stored 
for 5 years in an air-tight bottle at room temperature without alteration in the spacings 
originally found. When dissolved in 5% NaCl at pH 6-1, edestin may be precipitated 
quantitatively as the hydrochloride by adding N/10 HCl to pH 5-2. The diffraction pattern 
of this precipitate still retained the 15 A. spacing of the crystalline protein, and could 
indeed be converted almost completely into the salt-soluble form by addition of alkali to 
pH 6-2. When, however, the hydrochloride was diluted with a large volume of water, it 
passed into solution, the pH falling to 4-6. After standing overnight, the pH was restored 
to 6-2, NaCl was added to 10% strength and the insoluble edestan separated from the 
residual salt-soluble protein. The diffraction pattern of the edestan was now that of a 
denatured protein [Astbury & Lomax, 1935] and comparable with photographs of heat- 
denatured and urea-denatured protein. 

This method of preparing edestan by initial separation from its salt solution with acid, 
and subsequent denaturation by allowing it to ionize, illustrates a constant source of 
danger in the preparation of proteins. Many proteins may be crystallized from concen- 
trated salt solutions in the form of the protein sulphate or phosphate, which are relatively 
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stable as long as appreciable quantities of salt are present. If further fractionation is to 
be attempted, they must be dissolved in dilute buffer at a higher pH, and the salt con- 
centration then increased to a point at which acidification is again possible without 
effecting denaturation. Alternatively, they may be dissolved directly in fairly strong salt 
solution. As an example, the albumin crystals obtained from skeletal muscle [Bailey, 
1940] are quite stable in strong ammonium sulphate solution at pH 5-5. When separated 
from their mother liquor they dissolve on dilution, but after several minutes begin to 
precipitate as a denatured coagulum. Denaturation of this type is especially common in 
tissue extracts [Bailey, 1939] during the removal of salt by dialysis procedures. 


4 (5) Sulphydryl growps in edestan 

The appearance of SH groups often accompanies denaturation. Many proteins which do 
not give the nitroprusside reaction in the native state, do so after heat coagulation or after 
dissolving in denaturing solvents such as urea solutions [Hopkins, 1930] and solutions of 
guanidine salts [Greenstein, 1939]. The effect may be common both to proteins which 
exhibit depolymerization in these solvents, and to those which do not. 

_ When edestin is dissolved in dilute HCl, SH groups can be detected immediately by the 
nitroprusside reaction. Experiments were designed to measure them in a quantitative 
fashion by reduction of the redox indicator phenolindo-2:6-dichlorophenol, according to 
the method of Todrick & Walker [1937]. Since there is a parallelism between the appear- 
ance of SH groups and reduction of the indicator, it is assumed that SH groups only take 
part in the reaction. Native edestin, for example, gives a negative nitroprusside reaction 
and decolorizes at pH 6-2 about 2-2 ml. of 0-05 % indicator per g. of protein, whilst freshly 
prepared edestan gives a positive SH test and decolorizes 20-6 ml. of indicator. 

The experimental procedure was as follows. 2 g. of native edestin were suspended in 
200 ml. of water and NV/10 HCl was added to an equilibrium pH of 4-5. 20 ml. aliquots of 
the sol were transferred to a series of 8 Thunberg tubes, and after an appropriate time 
interval, 4 ml. of 3-3 M NaCl solution were added to each tube to precipitate the whole of 
the protein. Simultaneously the proportion of edestan present in the sol at the time of 
addition of salt was determined. When it became necessary to measure the reduction of 
indicator in systems containing only small amounts of edestan, it was not possible to 
complete the transference of aliquots to the Thunberg tubes in the short time interval 
between the point of addition of acid to the edestin suspension and the point where it was 
necessary to arrest edestan formation by addition of salt. In these cases, NaCl was added 
to the solution in bulk with rapid stirring, and aliquots of the suspended protein were 
transferred to the Thunberg tubes. The precipitated protein was centrifuged down in the 
tube itself, and after discarding the protein-free mother liquor, the precipitate was stirred 


with 2 ml. of //5 phosphate buffer at pH 6-2, 2 ml. of 3-3 M NaCl, and an amount of | 


0-05 % indicator increasing by increments of 0-3 ml. along the tube series. The suspension 
was then diluted to 8-5 ml. exclusive of the volume of the protein paste: The tubes were 
evacuated several times, filled with N, after each evacuation and incubated at 38°. 
Under these conditions of pH and temperature, any undenatured edestin passes into 
solution. After 12-15 hr. the largest volume of indicator just decolorized by the indicator 
was recorded. A control experiment to assess the volume of indicator reduced by native 
edestin was also carried out. 

In column 2 of Table 2 is tabulated the volume of indicator decolorized by 1 g. of a 
mixture of edestin and edestan. The reduction due to the latter alone is calculated by 
applying a small correction for the indicator reduced by edestin, and is given in column 3. 
Within the experimental error of this type of experiment, it is seen that the volume of 
indicator reduced by 1 g. of edestan is constant. In other words, the number of SH groups 
present, after restoring the pH of an edestin chloride sol from 4-5 to a value in the iso- 
electric zone, is proportional to the concentration of the edestan component. The liberated 
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Table 2. Reduction of phenolindo-2 :6-dichlorophenol by edestin and edestan 


Amount of edestan in 1 g. Vol. of 0-05% indicator Vol. of 0-05 % indicator 


total protein reduced reduced/g. edestan 

g. ml. ml. 

0-0 2-2 — 
0-17 5-4 21-2 
0-18 5-6 21-2 
0-52 12-9 22-8 
0-87 15-6 17-6 
0-87 17-8 20-1 
Mean 20-6 


SH groups disappear on standing. If, for example, the formation of edestan is arrested 
3 hr. after the addition of acid to the native protein, the volume of indicator decolorized 
by 1 g. of edestan is about 20 ml. and after 3-5 days only 4 ml. 

If the same stoichiometrical relation holds for the amount of indicator reduced by free 
cysteine and by SH groups of the protein, the % SH in edestan, expressed as cysteine, is 
0-34. This corresponds to about 1/4 of the total cystine as determined by colorimetric 
methods [ Bailey, 1937, 1], a figure in good agreement with the SH groups liberated when 
edestin is dissolved in urea [Greenstein, 1939]. Since there is a tendency for free SH to 
condense with certain other hydrolysis products [Bailey, 1937, 1], some loss is incurred 
during the hydrolysis of a protein if part of the protein-S is present in this form. The 
present experiments indicate that some SH groups will in fact be liberated as soon as the 
acid necessary for hydrolysis is added to the protein. 


(6) Determination of total N, amide-N, tyrosine and tryptophan in edestin and edestan 


The liberation of SH groups is probably only one of several chemical changes brought 
about during denaturation. Osborne [1902, 1] first recorded that the N content of edestan 
(18-5 %) was slightly lower than that of edestin (18-69%), but was cautious in attaching 
any great importance to the disparity between the two values. The high standard of 
accuracy maintained throughout Osborne’s work suggests that the difference is greater 
than analytical error permits. It was decided to repeat Osborne’s N determinations and 
to make in addition several other comparative determinations which have been found by 
experience to be accurate and reproducible. These were amide-N, tyrosine and tryptophan. 

The edestin preparation was recrystallized three times, and the edestan was prepared 
by suspending it in water, adding V/10 HCl to pH 4-5, and after 24 hr. at room tempera- 
ture, the acid was neutralized. NaCl was added to a concentration of 10 g./100 ml. and 
the insoluble protein was filtered off, washed first with warm saline, then with water until 
free from chloride, and finally dried in alcohol and ether. 

Methods for the determination of total N, amide-N, and the Lugg colorimetric method 
[1937] for tyrosine and tryptophan have been discussed and utilized in a previous paper 
[Bailey, 1937, 2]. To gain the greatest possible accuracy in the colorimetric assays, the 
edestin and edestan hydrolysates were compared with each other, and the estimations 
were carried out on three separate hydrolyses, using aliquots in duplicate from each 
hydrolysis. The results are recorded in Table 3. 


Table 3. Analysis of edestin and edestan 


Total N Amide-N Tyrosine of edestan > Tryptophan of edestan = 

% % Tyrosine of edestin Tryptophan of edestin 
Edestin 18-6 +0-06 1-76 aeiie aia C 09 
Edestan 18-4 +0-05 1.75} SL oe 


Allowing for the maximal error in the total N determinations, there is a difference of at 
in the two products. Whilst this work was in progress Hendrix & Dennis [1938] 
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have confirmed in a more exhaustive manner a similar N difference, obtaining 18-70% 
for edestin and 18-50% for edestan. Although the tyrosine content is unaltered, there 
appears to be a slight decrease in tryptophan, amounting to 2-3 % of the total. This loss 
was confirmed directly by investigating the dialysable non-protein N obtained from 
edestan solutions. 

Dialysable non-protein N obtained from edestan. It is not unusual to find some nitro- 
genous material of low mol. wt. in protein crystals as for example in pepsin, where the non- 
protein N may be present in large amounts [Philpot, 1935; Steinhardt, 1938, 2]. If solu- 
tions of edestan are dialysed against several changes of distilled water, small amounts of 
nitrogenous material can be detected in the dialysate. 10 g. samples of edestin were 
suspended in 100 ml. of water, and HCl was added to an equilibrium pH of 4-5. The solu- 
tion was placed in collodion bags and dialysed against frequent changes of distilled. water 
over 2 days. The dialysates were combined and evaporated in vacuo at 35°, maintaining 
the pH at 5 by addition of dilute NaOH. In one experiment the edestan was precipitated 
by Stutze’s copper reagent and the filtrate, without dialysis, was treated similarly. Here 
the yield of non-protein N was lower and the method was abandoned. As a control, an 
edestin suspension was dialysed in presence of 0-02 M Na,SO,, added to prevent the 
formation of colloidal solution. The dialysates were analysed for total and amino N 
(manometric Van Slyke) tryptophan and tyrosine, and in one instance for free ammonia. 

Although the total N passing through the membrane is extremely small, it probably 
represents only a fraction of the total non-protein N, since the technique is not ideal for 
quantitative yields. From Table 4 it is seen that as much as 68 % of the total N in the 
dialysate may be accounted for as free ammonia and tryptophan, the latter being pre- 
cipitated by the Lugg [1937] mercury reagent. Tyrosine is entirely absent. These results 
confirm the analytical data previously obtained, that whilst the tyrosine contents of 
edestin and edestan are identical, there is a slight decrease of tryptophan in the latter. 





Table 4. Dialysable N lost from 10 g. of edestan on dialysis 


Total N in dialysate Amino-Nas% Tryptophan-Nas% NH,-N as % of 


Exp. in mg. total N in dialysate total N in dialysate total N in dialysate 
(a) 1-33 ; 43 23 — 

(2) 2-0 37 19 — 

(c) 0-9 41 33 35 

(d)* 0-5 47 32 — 

(e)T 0-25 — Negative — 


* Precipitation by Stutze’s reagent. Control. 
P ¥ g 


DISCUSSION 


We have observed that in the absence of salt edestan formation begins on the acid side 
of the isoelectric zone, at a pH value where only carboxyl groups are titrated, and we may 
infer that the acquisition of a small excess positive charge initiates the denaturation. The 
denaturation is affected, however, not only by the pH of the medium, but also by the 
nature of the anion of the added acid. For example, the chloride of the protein at 1% 
strength is completely soluble at an equilibrium pH of about 4-9, whilst the sulphate and 
oxalate become soluble (and thus denature) at the lower pH values of 3-1 and 4-2 re- 
spectively. The insolubility of the protein salts of these latter acids accounts most 
probably for their greater stability. That definite compounds between edestin and added 
acid were possible was always stressed by Osborne, who characterized, in edestin prepara- 
tions near the isoelectric zone, a mono- and di-chloride. The recent work of Steinhardt et al. 
[1941] adds most convincingly to the idea that a soluble protein such as egg albumin 
not only combines with H ions but possesses a specific affinity for anions. 

Whilst edestin thus denatures on the acid side of the isoelectric point, it is clear that 
like many other seed globulins it is quite stable up to a pH of 9-9-5; Osborne indeed con- 
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cluded that seed proteins were less readily altered by alkalis than by acids. The real 
criterion, however, for determining the comparative stability of a protein towards acid 
and alkali is not the pH of the medium, but rather the amount of acid or of base bound at 
the point of incipient denaturation. In this respect it is apparent from the data of Hitch- 
cock [1921-22] that edestin in the neutral range has only a slight base-binding capacity, 
and between pH 5 and 3-9, and between pH 5 and 9-8, combines with approximately 
equivalent amounts of acid or of base. The alkaline limit of the stability range is given by 
Svedberg at pH 9-8; certainly at pH 10-2 denaturation occurs. The protein thus appears 
to undergo denaturation when the excess negative or positive charge reaches a critical 
value of, approximately the same order of magnitude. This is not true for all proteins, for 
in considerations of this kind, the charge distribution as well as the net charge must be 
taken into account. 

Although the detailed mechanism of denaturation, as indicated in the kinetical section 
of the present paper, is obscure, the broad outlines may be inferred from all available 
evidence, adhering in a general way to the concepts of protein structure and denaturation 
which have been developed by Astbury and co-workers. Edestin itself has a large particle 
weight of 309,000, but on denaturation depolymerizes to 51,000 in concentrated urea 
solutions [Burk & Greenberg, 1930] and to 17,000 in dilute HCl [Adair & Adair, 1934]. 
These units are respectively about 1/6 and 1/18 the size of the native molecule. In the 
native state they possess a specific polypeptide pattern, and are integrated partly perhaps 
by some form of chemical linkage (e.g. S—S bonds), but chiefly by lateral attractions 
between neighbouring CO and NH groups and by interactions between free acid and basic 
groups of the side chains. The number of these latter groups is high, as can be seen from 
the following analytical data: glutamic acid, 19-2°%; aspartic acid, 10-2% [Jones & 
Moeller, 1928]; arginine, 17-76% [Vickery, 1940]; lysine, 2-4%, histidine, 2-03 % 
[Tristram, 1939]; amide-N, 1-73% [Bailey, 1937, 2]. Allowing for amidized COOH 
groups, they correspond to a total of 670 charged groups per molecule of 309,000. The 
spatial arrangement of such charges gives rise to a specific charge symmetry on which the 
stability of the molecule must ultimately depend, and this is capable of some variation, as 
reflected in a change of dipole moment, within definite limits of pH. Outside these limits, 
a further suppression in the ionization of acid or basic groups sets up within the molecule 
attractions and repulsions which, especially in the absence of small mobile ions, distort 
and finally destroy the unique polypeptide configuration. 

Mirsky & Pauling [1936] have formulated the denaturation process in a somewhat 
similar fashion, but have used the conception of hydrogen bond formation as providing 
the means of holding the molecule together. Hydrogen bonds are formed between peptide 
nitrogen and oxygen, and between the amino and carboxyl side chain groups. In acid 
denaturation, protons are supplied to the electronegative portion of the H bond, and the 
polypeptide chain is then free to assume a new and denatured configuration. Astbury 
[1940], in a general review, has pointed out that only evidence of a very indirect kind has 
thus far been advanced for the existence of the H bonds in proteins. 

The chemical changes which have been observed on denaturation may be correlated 
with the disorientation and fragmentation of the molecule. On depolymerization, we 
may expect a certain amount of hydrolytic cleavage, and the lower N content of edestan, 
inadequately accounted for by the loss of small quantities of ammonia-N and tryptophan, 
suggests that Osborne was correct in assuming edestan to be a hydrolytic product of 
edestin. This adding on of water suggests the liberation of new end-groups, and their 
presence has been surmised in an independent manner from the alkaline shift of pH which 
has been.observed throughout the denaturation process. To account for the liberation of 
SH groups, one may suppose that they are produced either by the actual cleavage of the 
S—S groups during disorientation, or that they are present as such in the native molecule 
and become accessible to chemical reagents only when the molecule is disorganized. At 
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the present time, however, there is no really satisfactory theory to account for the 
appearance and disappearance of SH groups in the protein molecule. Whereas the SH 
groups detectable in native myosin may be increased, as in the case of many other 
proteins, by concentrated solutions of guanidine salts and urea, they disappear entirely 
in very dilute solutions of glycine and ammonium salts [Greenstein & Edsall, 1940]. 
Current views on the subject have been ably reviewed by Toennies [1940], but in addition 
a most promising line of enquiry has been opened up by Linderstrom-Lang & Jacobsen 
[1941]. These authors find that the conditions under which the thiazoline ring of 2-methyl- 
thiazoline opens are similar to those in which SH groups appear in proteins. The folding 
of a cysteine-containing polypeptide chain to give a thiazoline grouping provides inter- 
esting possibilities for future research. 

In the main, these chemical changes are symptomatic of a profound alteration in 
physical properties ; something more, in fact, than the classical definition of denaturation 
affords. After breaking up into small monodisperse components, the protein precipitates 
in presence of salt over a very wide pH range and the asymmetric character of the de- 
graded molecule becomes apparent from the visible appearance of the coagulum, which 
dries to a fibrous condition similar to that of myosin, a protein known to be extremely 
asymmetric. When once precipitated, the molecules adhere so firmly that re-solution in 
dilute HCl is not effected until the pH is relatively low, and even then a very viscous gel 
is produced. Although the process of depolymerization might in itself augment the 
solubility of the molecule, the tendency of richly charged disoriented chains to cohere at 
random is the factor most responsible for the loss of solubility. The comparison with 
myosin is again interesting. Here the native molecule is chain-like yet sufficiently 
hydrophilic to be solvated by neutral salts. In acid, the chains depolymerize lengthwise 
without any considerable change in the configuration of each individual portion, and after 
neutralization the protein still remains soluble in salts. But both native and degraded 
myosins lose their solubility most readily by any process of dehydration which assists 
lateral cohesion between the micelles. At this stage denatured myosin and edestan are 
very comparable from a structural point of view, and each may be orientated to a con- 
figuration resembling that of B-keratin [Astbury et al. 1935; Astbury & Dickinson, 1940]. In 
this connexion it is of especial interest to note that edestin was the first corpuscular protein 
to be transformed on denaturation into elastic threads and films which by X-ray interpre- 
tation are similar in structure to fibres such as hair and wool, thus providing the funda- 


mental link between the structure of natural fibres and the typically corpuscular globulin . 


[Astbury et al. 1935]. 
SUMMARY 


1. The formation of edestan by the action of HCl on edestin in salt-free solutions has 
been measured as a function of pH, protein concentration and temperature. The denatura- 
tion change, beginning on the acid side of the isoelectric zone, is relatively slow at an 
equilibrium pH of 5 and almost too rapid to measure below pH 4. The denaturation 
kinetics are characterized by a rapid initial reaction followed by a much slower one, and 
this deviation from the unimolecular law is due partly to a progressive shift of pH towards 
the alkaline side and partly to other factors which are briefly discussed. Since the rate of 
pH change is a function of the denaturation rate, it follows that edestan formation in- 
volves either the liberation of new titratable groups or a change in the pK of groups 
already present. ; 

2. In the ultracentrifuge edestan is a monodisperse fragmentation product, the sedi- 
mentation constant, 59) x 10~', being 2-6. The colloidal solutions formed by adding uni- 
univalent electrolyte to edestan solutions appear to involve a mobile equilibrium between 
the monodisperse component and very coarse particles. The salt-soluble portion recovered 
from systems in which edestan formation is actively proceeding is normal edestin of 
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sedimentation constant 13-6, and this is not accompanied by any large amount of salt- 
soluble degradation products. 

3. The characteristic X-ray diffraction photograph of dry crystalline edestin is given 
also by the protein chloride when freshly precipitated from sodium chloride sols by addi- 
tion of dilute HCl. When all salt is removed by washing, the protein chloride ionizes, 
denatures and gives after precipitation the photograph typical of other denatured 
proteins. 

4. The number of SH groups appearing in the edestin-edestan system is proportional 
to the concentration of the denatured component, and represents about 1/4 of the total 
cystine-S. 

5. Whilst the tyrosine content of edestan is unaltered, the total N and tryptophan 
contents are lower than those of edestin. Although small amounts of soluble N, largely 
NH,-N and tryptophan, are liberated during the formation of edestan, the decrease in 
total N is due most probably to hydration of the molecule. 

6. The mechanism of edestan formation is discussed. 


I am especially indebted to Dr W. T. Astbury, Mr H. J. Woods and Mr D. A. Wright 
for the help given in the kinetical section; to Dr E. J. Cohn and other members of the 
Harvard Medical School, to Dr H. B. Vickery of Yale and Dr Jacinto Steinhardt of 
Washington for stimulating discussions; to Mr J. St L. Philpot for ultracentrifugal runs 
and to Mrs Sylvia Dickinson and Dr K. M. Rudall for some of the X-ray diffraction 
photographs; to Prof. A. C. Chibnall and Dr E. C. Bate Smith for their interest and 
criticism ; and finally to the Rockefeller Foundation for financial assistance. 
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3. The Reliability of the Method for Estimating Vitamin C by 
Titration against 2:6-Dichlorophenolindophenol. 
1. Control Tests with Plant Tissues 
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(Received 31 December 1941) 


Until about 8 years ago the only method for determining vitamin C was by means of 
biological tests on guinea-pigs. In consequence, knowledge about the distribution and 
behaviour of the vitamin accumulated slowly and with difficulty, and it was not until a 
chemical method had been introduced that progress became more rapid. 


The first indication that certain fruit juices and animal fluids were able to decolorize a redox dye of the 
indophenol class, viz. the 2:6-dibromo derivative, was given by Mansfield Clark and his colleagues [Cohen et 
al. 1924]. Zilva [1927; 1932] later noted that certain concentrates of vitamin C reduced the parent substance, 
phenolindophenol, but he attributed the reaction not to vitamin C itself but to some associated ‘ protective 
substance’. Tillmans and his coworkers [e.g. Tillmans, 1930; Tillmans e¢ al. 1932, 1, 2] made the important 
observation that the ability of foodstuffs to reduce 2:6-dichlorophenolindophenol frequently went roughly 
parallel with their known antiscorbutic potencies; there were, however, important exceptions. By working 
out conditions for the preliminary extraction of the foodstuff, and by carrying out the titration itself rapidly 
and in acid solution, Harris & Ray [1933, 1] and Birch et al. [1933] converted the principle of the Tillmans 
reaction into a specific and accurate test for the quantitative estimation of ascorbic acid in foodstuffs. The 
preliminary extraction process ensured the complete removal of the vitamin C from the tissue without in- 
curring loss by oxidation and also separated various interfering materials; the rapid titration in acid reaction 
prevented the inclusion in the titre of non-specific reducing substances, notably glutathione, which would 
otherwise be the cause of serious error. 


This method has been used for a wide variety of purposes, and it now seems advisable 
to review certain aspects of the procedure and to give further evidence which we have 
secured relating to its accuracy and specificity. We propose in the present paper to deal 
with plant tissues only. 

The reliability of this chemical method of estimation has already been confirmed for 
many fruits and vegetables (as well as for animal tissues), as a result of numerous direct 
comparisons against biological assays [e.g. Harris & Ray, 1933, 1, 2, 4; Lund et al. 1934; 
Ray, 1934; Levy & Fox, 1935; Olliver, 1936; Mathiesen & Aschehoug, 1937; Mathiesen, 
1938; 1939; Watson & Kon, 1936; Maclinn & Fellers, 1938; Jacobsen & Faulenborg, 1939]. 
In addition, numerous chemical tests have been carried out without direct biological 
comparison, and here again the results are generally in excellent agreement with the 
reputed biological values. In Table 1 the average results of some hundreds of tests which 
we have carried out on freshly gathered fruits and vegetables are set out to show their 
good accord with the accepted biological activities. 

A small minority of workers have made observations which might at first sight appear 
to set limits to the accuracy of the chemical test. It is to clear up such doubts that this 
paper is written. The supposed objections to the method are threefold : (1) it fails to detect 
the hypothetical ‘combined ascorbic acid’ presumed to be present in various plant tissues ; 
(2) certain non-specific but unspecified interfering substances, distinct from ascorbic acid, 
may also reduce the indicator; (3) significant amounts of the reversibly oxidized but still 
biologically active vitamin (dehydroascorbic acid) may fail to be estimated. Our own 
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Table 1. Ascorbic acid-in fruits and vegetables ; agreement 
between chemical and biological values 


Biological values, 
as recorded 
Chemical value, before 1933 
mg./100g. ‘Sherman units’* 
(arranged i in de- (from tabula- 
scending order) tions of Daniel 
& Munsell 
[1937]) 


re . Te 
Average Range 


Name 


Biological values, 
as recorded 
Chemical value, _ before 1933 
mg./100 g. ‘Sherman units’* 
(arranged inde- (from tabula- 
scending order) tions of Daniel 
———7 & Munsell 
Average Range [1937]) 


Hips 520 222-790 —_ Orange (Seville)+ 34 19-45 oS 
Black currant 231 79-344 200 juice 
Kale 145 80-193 — Pea 30 .12-49 33 
Horseradish 136 127-144 200 Potato, new 30 §=626-39 33 
Brussels sprouts 112 65-146 50-100 Broad bean 27 22-29 _ 
Turnip top 100 =93-114 — Turnip 26 =—-17-36 14-33 
Cabbage 90 50-182 57-150 Raspberry 25 21-37 20 
Haws 92 64-125 — Tomato 24 12-42 20-67 
Cauliflower (white 70 49-92 —- Lettuce 20 5-30 4-100 
head) Runner bean ; 17-22 -~ 
Broccoli (white 69 57-91 Blackberry 3-24 = 
head) Bilberry é 11-15 = 
Asparagus 67 32-115 - iC Samphire 13-14 — 
Spinach 65 30-118 Apples (various) 2 4-17 2-33 
Watercressf 61 58-72 Potato, oldt 6-17 7-20 
Strawberry 61 44-93 Stringless bean 7-14 — 
Orange (sweet)t} 58 33-77 Bananat ) 6-15 10-17 
juice Rhubarb 7-9 — 
Lemon? juice 46 29-60 Parsnipt 5-9 — 
Red currant 46 40-51 Onion 5-10 <20 
White currant 44 38-52 oo Carrot 1-13 3-10 
Grapefruit} juice 40 28-64 Greengage 3-7 <16 
Gooseberry 40 22-55 Melont 2-3 ae 
Swede i 40 3049 — Mushroom 2-4 0-<10 
28-40 — Pear 2-3 0-10 


Elderberry 35 
<5-10 


Loganberry ~ 34 20-48 — Plum 2 <1-3 


* We have purposely refrained from attempting to convert Sherman units into mg./100 g. The general 
correspondence between the chemical and biological values in the two descending scales is sufficiently 
apparent. 

f All values relate to mature fruit and vegetables, freshly picked except those marked by a dagger, 
which had been stored after picking. 


experiments with plant tissues convince us that, provided that the correct procedure is 
adhered to for the titration, these difficulties either do not exist (i.e. as far as concerns the 
“combined ascorbic acid’ or the ‘interfering substances’) or else are normally of little or no 
practical importance and can in any case be accurately allowed for (i.e. dehydroascorbic 
acid). We have been struck by the fact that those few workers who have experienced these 
difficulties have failed to follow the procedure recommended. Thus it is important that 
during the preliminary extraction of the vitamin it should be protected against destruc- 
tion by oxidases. This was accomplished in the original method of Harris & Ray by working 
with a small specimen, carrying out a rapid extraction with trichloroacetic acid and 
titrating the extract without delay. (In the more recent modification the same object is 
achieved by the addition of a proportion of metaphosphoric acid which stabilizes the 
vitamin even more effectively.) This danger of oxidation does not appear to have been 
always recognized, as for example when large specimens have been taken and submitted 
to long and laborious processes of extraction [see McHenry & Graham, 1935, 1]. This, 
we believe, accounts for the unduly low values which these workers record for the raw 
foods (the so-called ‘free ascorbic acid’), as well as for the apparent increase after boiling 
(which, in our opinion, can be largely attributed to the concurrent inactivation of the 
enzymes). Similarly, the large amounts of the dehydroascorbic acid sometimes reported 
in fresh plant tissues we consider to be generally an artefact produced by oxidation. 
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It seems advisable for us to set out in detail the precise working directions which we 
follow in carrying out the test. This forms the first part of the paper. Later sections deal 
in turn with the following topics: (1) the results of new assays illustrating the agreement 
between the biological determinations and chemical titrations; (2) an examination for 
supposed interfering substances (e.g. heated sugar derivatives); (3) the significance of 
reversibly oxidized vitamin (dehydroascorbic acid); (4) the question of ‘combined 
ascorbic acid’. 


A. SPECIAL ASPECTS OF THE PROCEDURE IN THE CHEMICAL METHOD 


It must be emphasized at the start that it is essential that four major precautions should 
be observed if accurate results are to be obtained in the titration method. These are: 
(1) representative sampling; (2) complete extraction; (3) prevention of oxidation; 
(4) rapid performance of the titration itself. 

(1) Sampling. It is imperative that sampling should be representative of the whole 
quantity of material under examination. This may be difficult because of the surprisingly 
wide variations in the content of ascorbic acid in different individual fruits and vegetables 
in a batch, as well as in different parts of the same individual (see, for example, Table 2, 
and cf. Olliver [1938]). We have found it preferable to carry out estimations on several 
different samples from one batch and to take the average value, rather than to rely 
upon single tests on a large and supposedly representative sample. Any fine chopping, 
shredding or mincing of the material, with the supposed object of obtaining a 
homogeneous specimen, must be condemned, because intracellular oxidases will thus 
be set free from many vegetable tissues, with a consequent rapid disappearance of the 
ascorbic acid. Examples showing the seriousness of this source of error are given in 
Table 4. If some cutting is necessary, e.g. as with cabbage and other leafy vegetables, 
the aim should be to reduce it to a minimum by taking several relatively large pieces and 
combining them, and then repeating the estimation on another similar selection of pieces. 

(2) Complete extraction. Complete extraction is difficult if too large an amount of the 
material is taken or if the tissue is not sufficiently well ground. For this reason we 
believe it to be a mistake to attempt to carry out the titration on a macro scale, as has 


Table 2. Variations in ascorbic acid content of black currants, depending on 
size of fruit. All specimens picked on one day from similar bushes 


Ascorbic acid, mg./100 g. 





Small berries Medium sized berries Large berries 

Colour of berry (0-14-0-27 g.) (0-30-0-47 g.) (0-60-0-94 g.) 
Red 271 262 — 
Purple 315 256 255 
Black 296 242 219 


Table 3. Destruction of ascorbic acid by oxidases set free on grinding. 
Protective action of acid 


Time after Ascorbic acid, : 
Time after Ascorbic acid, grinding mg./100 g. Time after Ascorbic acid, 
grinding mg./100 g. before ———— __ grinding mg./100 g. 
before —_————~—_ addition After before c————“— 
addition After ofacid Normal reduction addition After 
of acid Normal reduction min. method by H,S of,acid Normal reduction 
min. method by H,S Potatoes (King Edwards, min. method by H,S 
Broccoli head (freshly harvested) stored 1 month) Cortex of Bramley apple 
0 61 61 0 13 13 0 ll 11 
$ 36 37 4 10 12 4 9 1] 
1 23 24 } 10 12 ; 8 9 
1} 9 21 4 8 11 1 7 9 
2 5 16 2 5 9 1} 4 7 
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Table 4. Effect of shredding or chopping on vitamin C in plant tissues 


Ascorbic acid : Ascorbic acid 
found on found on 

Description and treatment titration Description and treatment titration 
immediately before extraction mg./100 g. immediately before extraction mg./100 g. 
Brussels sprout leaf: Carrots, young: 

Not cut 71 Not cut 20 

Coarsely cut (strips 1 in. wide) 71 Shredded, left 5 min. 12 

Finely shredded 68 Shredded, left standing 1 hr. 9 
Cauliflower leaf: Carrots, old: 

Not cut 162 Not cut 8 

Coarsely cut. (strips 1 in. wide) 162 Shredded 7 

Finely shredded 138 Shredded, left standing 14 hr. 5 





sometimes been done, in place of the original micro-technique recommended by Birch et 
al. [1933]. Another point to which attention has to be devoted is the need for special 
care with woody tissues, which are difficult to extract completely and may often be low 
in ascorbic acid. Examples of erroneous values due to incomplete extraction are cited 
in the following pages. 

(3) Prevention of oxidation. As has been mentioned above, the necessity for retarding 
the oxidation brought about by the natural oxidases of the tissues (or even by the simple 
access of air) has not been realized by all workers, some of whom have adopted complicated 
processes of extraction entailing the use of unduly large amounts of specimen and ex- 
tractant. Apart from the advisability of rapid extraction (which implies the use of a small 
sample and thorough grinding) four other points should be stressed under this heading: 
(a) The sampling should be done in such a way as not to liberate the enzyme (see above). 
(b) Coppér-free distilled water should be used for all determinations.* (c) In order to - 
delay oxidation the acid must be added to the sample and its surface covered before 
the grinding is begun [cf. also Thornton, 1938]. The rapidity of the oxidation if 
grinding is done in absence of the protective acid is shown by results in Table 3. Risk 
of destruction by oxidation may also occur if too large quantities of material are 
taken, since immediate intimate contact between acid and tissue is thereby prevented. 
(d) The presence of metaphosphoric acid [Fujita & Iwatake, 1935; Musulin & King, 1936; 
Harris, 1937] materially assists in retarding the oxidation catalysed by these enzymes or 
by Cu, and it should invariably be used in the extraction. 

(4) Rapidity of titration. The reaction between ascorbic acid and the dyestuff is 
virtually instantaneous. The titration should be completed and the end-point reached 
within about 1 min., otherwise non-specific substances may possibly be included which 
decolorize the dye more slowly. An immediate end-point is therefore to be aimed at, and 
any gradual fading of the dye has to be avoided. 

(5) Acid reaction. Some workers, following Tillmans’s original procedure, have 
attempted to estimate ascorbic acid by titration in neutral solution, instead of at a more 
strongly acid reaction. Results may be almost identical for some citrous fruits, because 
interfering substances chance not to be present in appreciable amounts; but, as a general 
method, titration at neutral reaction is liable to lead to gross errors, especially in the 
case of animal tissues, in which glutathione would be the principal source of trouble. 

(6) ‘Reversed’ titration. The titrimetric method of Bessey & King [1933] is virtually 
identical with that described somewhat earlier by Harris & Ray and Birch, Harris & Ray, 
i.e.extraction is in trichloroacetic or acetic acid, oxidation is avoided and the titration which 
follows is performed rapidly and in an acid medium. The only obvious difference is that 
the Cambridge workers had recommended a ‘reversed’ titration, the unknown being 
titrated against a fixed amount of dye instead of vice versa. With clear colourless extracts 





* The modified procedure, employing metaphosphoric acid, largely guards against this danger of inactiva- 
tion by Cu; nevertheless, the precaution of using Cu-free reagents still remains a useful one. 
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probably either alternative is almost equally satisfactory, but with moderately pigmented 
extracts it is the experience of these and of other laboratories that the end-point is easier 
with our method of ‘reversed’ titration: the first discharge of the faint pink colour is more 
readily detected than its first appearance. The difference of procedure is perhaps of little 
importance. With either method it is an advantage to have two control tubes, one con- 
taining the dye just before and the other just after discharge, both in the presence of a 
volume of extract equal to that being titrated. 

The working directions, embracing all the safeguards just discussed, and also, for 
the sake of ease in manipulation, incorporating several minor modifications, are set 
out in detail below. 

B. WoRKING DIRECTIONS 


Reagents. Blank tests should be done on all the reagents, particularly the trichloro- 
acetic acid, to ensure that they are free from impurities which may reduce the dye. 
A good-quality brand of trichloroacetic acid should be used, and if necessary repurified 
till it is without actioh on the dye. Distilled water should be recently boiled, and this and 
all other reagents should be Cu-free (cf. footnote, p. 158). Solutions of metaphosphoric 
acid have to be made up daily, as conversion into orthophosphoric acid occurs on standing. 

Preparation and standardization of dye solution. Dissolve 20 mg. of repurified 2:6- 
dichlorophenolindophenol in 25 ml. of cold, recently boiled Cu-free distilled water and 
filter. This dye solution must be restandardized daily against a freshly prepared solution 
of pure ascorbic acid (the activity of which should be cross-checked occasionally by titra- 
tion against 0-01 N iodine). To prepare the standard solution of ascorbic acid, weigh out 
accurately* 10-00 mg. of a repurified specimen, wash it into a 250 ml. measuring flask 
with 25 ml. 20% metaphosphoric acid, and make up to the mark with redistilled water. 
Approximately 0-5 ml. of this solution (=0-02 mg. ascorbic acid) will be needed in the 
titration, which is carried out against 0-05 ml. of the dye, and performed in the same 
manner as described below for foodstuffs with of course the omission of the preliminary 
grinding and extraction. The dye solution slowly deteriorates and should not be kept for 
longer than 10 days, otherwise an indefinite end-point may result. . 

Preparation of ‘ strong acid mixture’. To 5 parts 20% trichloroacetic acid add 2 parts 
20°, metaphosphoric acid ({reshly prepared, see above). In our more recent work we have 
substituted metaphosphoric acid, 20%, for the ‘strong’ mixture of metaphosphoric and 
trichloroacetic acid, since the latter acid is at present less readily obtainable. There 
appears to be no loss in accuracy—certainly with vegetable tissues with which we have 
been principally concerned—and the risk of oxidation is probably further diminished. 

Choice of sample. A representative specimen_is first selected (see above, regarding 
choice of material and avoidance of chopping, shredding and mincing) and accurately 
weighed. If it has been impossible to avoid a certain amount of cutting of the tissue 
it is essential that the weighing be done rapidly; if necessary the material may be 
weighed under the acid to prevent oxidation. The amount taken can vary somewhat 
according to the activity. A suitable quantity, when working with material of average 
activity, say fresh peas, is about 5-10 g. (=1-5-3 mg. ascorbic acid). It is recommended 
that not less than 2 g. nor more than 20 g. of any material should be used. The aim is to 
prepare an extract of such concentration that 0-5-1-0 ml. of it is required for titration 
against 0-05 or 0-10 ml. of dye solution. If the material is very poor in ascorbic acid it is 
advisable to take less of the dye for the eventual titration rather than to weigh out an 
unduly large quantity for estimation. Alternatively, if the material is unexpectedly 
potent, it can be further diluted, if found necessary, at a later stage when the actual 


* If a micro-balance is not available weigh out instead 50 mg.; wash into a 200 ml. flask with 20 ml. 20% 
metaphosphoric acid; make up to mark with distilled water; take 20 ml. of this solution and dilute to 200 ml. 
with a further 18 ml. 20% metaphosphoric acid and distilled water; titrate against 0-05 ml. of dye: approxi- 
mately 0-8 ml. (=0-02 mg. ascorbic acid) should be needed. 
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titration is carried out; this is preferred to the use of a smaller weighed specimen, which 
would be less easy to grind up effectively and probably less representative. 

Preparation of extract. Two alternative methods are available for the preparation of 
the extract, the choice between them depending on the nature of the material under 
examination. In method 1, extraction is begun with a relatively strong (20°) solution 
of acid, and the extract is subsequently filtered and then diluted. In method 2, the diluted 
acid is used from the start, and centrifuging replaces filtering. Method 1 is used for watery 
fruits or vegetables (e.g. melons, marrows); any undue dilution of the protective acid by 
the natural water of the specimen is thereby avoided; moreover, grinding is facilitated 
since the mixture does not become too ‘sloppy’. Method 2 is found more convenient and 
rapid for most purposes, particularly for bulky, fibrous tissues, with which there might be 
a risk of incomplete extraction if the smaller volume of strong acid were used. 


Extraction method 1. When working with materials whose activities are approximately known we have 
found it convenient to work to the scheme given in Table 5, which indicates the most suitable quantities of 
the specimen, extractant and standard dye solution to employ. For an extract of final volume 100 ml., 
measure out 35 ml. of the ‘strong acid mixture’ (or 25 ml. of the 20% metaphosphoric acid) into a graduated 


Table 5. Working directions. Approximate quantities and dilutions 
suitable for use with materials of varying potencies 


Range of activity, Wt. of sample Final vol. of Vol. of standard dye solution used 
ascorbic acid to be taken extract ml, (0-05 ml. =approx. 0-02 mg. 
mg./100 g. ml. ascorbic acid) 
(a) Direct titration 

1-2 Z 50 0-0125 

3-5 2 100 0-0125 

6-10 2 100 0-0250 

11-15 2 100 0-0500 

16-25 5 100 0-0500 

26-35 100 0-0500 

36-70 é 100 0-0500 
71-100 é 100 0-100 
101-200 i 200 0-100 


(6) ‘Chloroform’ method 
Strength of dye Vol. of 
Final solution (at full extract 
Range of activity, Wt. of sample vol. of - strength, used for 
ascorbic acid to be taken extract 0-05ml.=approx.0-02mg. titration 
mg./100 g. g. ; ml. ascorbic acid) ml. 


1-5 20 50 } 
6-15 20 50 4 
16-30 20 100 
31-40 ’ é 100 
41-50 100 
51-70 ‘ 100 ; 
71-90 100 Full 
91-130 ‘ 100 Full 
131-165 100 Full 
166-200 100 Full 
201-250 : 100 Full 


Nd hw Nw hw hy ty > 


cylinder. To the weighed specimen, placed in a mortar, add roughly one-third of the acid and about 2-5 g. 
of acid-washed, quartz sand. If the specimen needs preliminary chopping or cutting, this must be done under 
the acid. Grind rapidly but thoroughly, taking care to ensure full disintegration of tissue and complete 
extraction. Then add about one-half of the remaining acid. If too much acid is added in the first place some 
difficulty may be experienced in effecting complete disintegration. Next filter rapidly through fine muslin 
into a 100 ml. graduated flask, aiding the extraction by pressing the residue well with a.glass rod. Return the 
friable mass to the mortar and repeatedly extract with the remainder of the acid. Wash the residue thoroughly 
with water, uniting all washings in the flask, until the volume reaches 100 ml._(The final concentration of 
trichloroacetic acid is now approximately 5% and that of metaphosphoric acid 2%, or if metaphosphoric 
acid alone is used, about 5%; the total amounts of acid and water used may be varied provided that the final 
concentration of the former is still approximately 5%.) Filter the extract through a fluted Whatman no. | 
filter paper and titrate without delay. ; 
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Extraction method 2, For a material of average activity (e.g. cabbage) about 5-10 g. of the weighed 
representative specimen are ground in a mortar, in the presence of about 2-10 g. of sand, with 25-40 ml. 5% 
metaphosphoric acid. This can be added little by little, but care must be taken to cover the tissue with the 
acid from the start, to inactivate oxidases. The mixture of extract and residue is transferred to the centrifuge, 
and, after spinning, the clear liquid is decanted off. The residue is returned to the mortar and reground with 
the addition of a further 15-20 ml. 5% acid, and the supernatant extract separated once more by spinning 
and decantation. The process is repeated yet a third time, again using 15-20 ml. of acid. The combined 
extracts are made up with 5% metaphosphoric acid to a final volume of 75-100 ml., before titration. With a 
very potent raw material the sample may be reduced to about 2 g. We recommend the use of this simplified 
process whenever access can be had to a suitable centrifuge. Desiccated products require soaking for some 
time in the acid before grinding, to render them sufficiently soft for extraction. 


Titration against dye. Place a portion of the acid filtrate or extract, prepared by either 
of the two methods described above, in a 2 ml. microburette, graduated in 0-01 ml. 
Measure accurately, into a pointed centrifuge tube of about 10 ml. capacity, from a 
graduated micropipette, a suitable volume of the dye solution (generally 0-05 ml., but 
sometimes either double or else one-half to one-quarter that volume).* Run the extract 
rapidly into the tube until the red colour, which the dye assumes in the acid solution, is 
just discharged. The determination of the end-point is facilitated by comparison with 
control tubes containing the extract before and after the discharge of the dye (p. 159). 
The titration should be completed in less than 1 min., one or two rough trial determina- 
tions being done first to gain an approximate indication of the titre.t The time occupied 
by the complete test need not exceed 10-15 min. from the taking of the specimen to the 
end of the final titration. 

Best results are obtained when the amount of extract required is around 0-5-1-0 ml. 
for 0-05 ml. of standard dye solution. If appreciably more than 1-0 ml. of extract is 
required, titrate again taking a smaller amount of the dye solution, either 0-025 or 0-0125 
ml. If less than 0-5 ml. of the extract is required, dilute it before further titration with 
some more 5% acid solution until a suitable dilution has been reached. 


Macro method. Since many analytical laboratories still do not possess apparatus for micro determinations, 
it should be added that the titration can if desired be done on a macro scale with the use of an ordinary 
macro burette. With 0-5 ml. of standard dye about 10 ml. of extract should be needed in the titration; 
1-0 ml. or 0-25 ml. of dye can be substituted for extra strong or weak extracts respectively. There is, however, 
no gain in speed, convenience, or accuracy, and we prefer the micro titration. 


Procedure for fruit juices. When examining clear fruit juices, e.g. strained lemon juice 
or orange juice, simply make up to the required dilution (i.e. 0-5-1-0 ml. of liquid =0-05- 
0-10 ml. of standard dye) by the direct addition of acid, the final concentration of the 
latter being approximately 5%. Filter again if necessary, or remove any precipitate by 
centrifuging. As most fruits (in contrast with vegetables) are devoid of oxidases, glacial - 
acetic acid (5% of volume) can be substituted for the usual metaphosphoric acid, mixture 


of trichloroacetic and metaphosphoric acid, if the juice is to be titrated without delay. 


With citrous fruits it is probably as accurate to titrate at a more nearly neutral reaction, pH 5-6, since 
reducing substances other than ascorbic happen not to be present in appreciable amounts; the end-point with 
the blue dye, i.e. in neutral (or nearly neutral) solution, is rather easier to determine than with the pink form 
into which it is transformed in more strongly acid solution. (Even direct titration with iodine may give 
approximately correct results for some citrous fruits.) But it deserves to be emphasized that as a general rule 
(and especially with animal tissues) titration in neutral solution is a highly dangerous proceeding, owing to 
the risk of interfering substances being present which reduce the dye rapidly at a high but not at a low pH. 

* Even a quarter-volume of dye (0-0125 ml.), used only with materials of low activity, can be measured 
with sufficient accuracy from an ordinary micropipette, and we prefer this procedure to the alternative of a dye 
diluted four times. Micropipettes of 0-1, 0-05 or 0-02 ml. capacity, graduated in each case in 100 divisions, 
should be used, depending on the amount required. For greater precision, an Agla automatic syringe, with 
micrometer attac’:ment, may be substituted if desired. 

+ In view of past misunderstandings, it should be made clear that it is not an end-point which persists for 
1 minute which is to be reached, but that the whole titration is to be completed within a minute from the 
moment when the operator starts to run the extract into the dyestuff until the reading of the burette is taken. 


Biochem. 1942, 36 " 
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Modified method for coloured extracts. When the extract is deeply pigmented, as for, 
example with black currants and certain other berries, visual determination of the end- 
point may be difficult. The simplest procedure in such instances is to measure the end- 
point electrometrically [Birch et al. 1933]: all that is needed is a mercury-coated platinum 
wire dipping into the solution and a suitable arrangement for measuring the potential. 
The accuracy is even greater than with visual matching (for full details of procedure see 
Harris et al. [1942]). Otherwise the working directions are as already described. If, how- 
ever, a potentiometer and platinum wire are not available the following method may be 
used, though the end-point is less sharply defined than that determined electrometrically. 


‘Chloroform’ process. First gain an approximate indication of the order of activity of the coloured extract 
by direct titration, using two control tubes, the first containing the extract with the dye added, and the 
second the extract after discharge of the dye. Next prepare a fresh extract, adjusting the weight of the 
sample taken so that 2 ml. of the extract require 0-5-1-0 ml. of the dye. To satisfy this condition the dye 
solution will probably have to be prepared at a greater dilution than in the normal procedure or the extract 
will have to be made up more concentrated. Use the amounts of sample, acid and dye recommended in the 
second half of Table 5. Place 1 ml. of chloroform [McHenry & Graham, 1935, 1] in a long, pointed centrifuge 
tube, and add 2 or 4 ml. (Table 5) of the filtered, freshly prepared extract. Agitate the upper aqueous layer 
only by passing through it a stream of O,-free CO, at a medium pace. Add the dye solution from the 2 ml. 
microburette to within 0-02-0-05 ml. of the required volume. Then allow the two layers to mingle gently by 
dipping the inlet of gas below the junction of the two layers. The end-point is shown by the development of 
a definite pink tint in the chloroform layer. (If an emulsion forms it can be broken by centrifuging or rubbing 
the tube between the hands.) It is very important that the dye after each fresh addition should be well mixed 
into the extract before the chloroform is brought through the aqueous layer—otherwise, should the dye come 
into direct contact with the chloroform, a colour may appear in the latter which is not discharged by the 
excess of ascorbic acid still present in the aqueous layer. Occasionally a very faint pink coloration is produced 
before the true end-point. This can be avoided by taking the colour to a well-defined pink in a preliminary 
titration, so as to ensure that the true end-point has been reached. Also the extract and the chloroform 
should not be left standing together in the tube before titration, otherwise a low result may be given. A little 
experience is needed to gain confidence in working this modification for pigmented extracts. As already 
recommended, however, the alternative electrical method should always be used if the extra equipment 
(platinum wire and potentiometer) is available. 


Determination of dehydroascorbic acid (reversibly oxidized vitamin C). As mentioned 
below, the amount of vitamin C present in foodstuffs in the form of dehydroascorbic acid, 
even during ageing and in stale foods, is generally so small as to be of little or no practical 
significance. Itmay however occasionally be desired to estimate it separately. The procedure 


° ——> 
3 To manometer 
and pump 





Fig. 1. Apparatus used for removal of H,S from extract. A, B=solution of alkaline pyrogallol; C =trap; 
D=extract to be ‘de-gassed’; H =screw clip; F =NaOH. 


resembles that already described. First estimate ascorbic acid by the usual method, then 
estimate ascorbic acid plus dehydroascorbic acid by the following technique. Pass a 
stream of H,S gas for 10-20 min. through 25 ml. of the filtered extract prepared as before 
and contained in a 100 ml. conical flask, stopper the vessel tightly and stand for 12 or 
24 hr. (e.g. overnight), preferably in the ice box. Remove the H,S by bubbling O,-free N, 








Ce ee ee a ee a ae 








SS ee ee. Oe ae Se 


Se ep EE ee 





RELIABILITY OF VITAMIN-C TITRATIONS 163 


through the solution while it is simultaneously connected with an efficient vacuum pump. 
(The apparatus employed is shown in Fig. 1; the nitrogen may be obtained from a cylinder, 
and passed through alkaline pyrogallol before entering the extract, to remove all traces of 
0,.) Continue, until a negative reaction for H,S is given on a portion of the liquid by the 
nitroprusside-ammonia test or by testing the vapour from it with lead acetate paper 
(generally within about 20-30 min.). Make up to volume if necessary, to allow for any 
evaporation. Titrate as before. The difference between the two titrations gives the amount 
of dehydroascorbic acid. 

This procedure for the effective removal of the H,S by simultaneous gassing with N, and connexion with a 
vacuum was suggested to us by Dr L. W. Mapson. Previously we had been in the habit of using N, without 
any concurrent evacuation. Under these circumstances it may be difficult to remove all traces of H,S after 
even 8-10 hr. treatment with a rapid stream of N,. We agree, however, with Johnson [1933, 1] that the pre- 
sence of a small persistent residue does not affect the end-point. Bessey [1938], on the other hand, considers 
it essential to effect complete removal of H,S; and in all the tests to be described below a rapid stream of N, 
was passed for at least 6 hr. 


Estimations in presence of SOz or Sn. SO,, added as a preservative to fruit pulps and 
certain other food materials, may interfere, if present in large quantities, by reducing the 
dye. It may be removed by the two following methods: 

To 20 ml. of the acid extract add 5 ml. acetone. This removes SO, as the sulphite derivative. Adjust the 
volume to 25 ml. The titration can then be carried out in the usual way, either visually or electrometrically 
{Harris et al. 1942]. As the acetone slows down somewhat the rate of the reaction between the ascorbic acid 
and the dye, carry out the titration more deliberately than normally, viz. let it take about 40-60 sec. (for 
further details of the acetone method see Mapson [1942)). 

An alternative method is to pass a stream of O,-free N, through the acid extract, while a vacuum is 
simultaneously applied (apparatus as in Fig. 1). Such treatment removes virtually all the free SO, within 
about 15-30 min. and the titration can then be carried out as usual. The above ‘acetone’ method is, however, 
to be preferred. 


Usually the amount of SO, remaining after the preliminary grinding and extraction of 
the plant tissue does not exceed 50-100 parts per million. This will affect the result to the 
extent of about only 1-2 mg./100 g., which is of little consequence except with materials 
of low potency. There may be somewhat greater interference with fruit juices, since 
grinding is not employed and hence less SO, is lost. 

Sn. The amount of tin normally present in fruits and vegetables, fresh, canned and 
household-cooked, is insufficient to interfere with the test. Only abnormally large 
quantities give trouble and these can easily be removed by preliminary treatment of the 
extract with H,S, or by the method of Emmerie & van Eekelen [1934]. Then filter, or 
separate the supernatant liquid by spinning; remove the H,S by simultaneous O,-free N, 
plus vacuum, as above, and titrate in the usual way. 

Example of calculation. 5g. of cabbage taken, diluted to final volume of 100 ml. In 
titration 0-64 ml. of this extract matched 0-05 ml. of dye (0-1 ml. of dye=0-04 mg. 

0:05 100 100 


ascorbic acid). Hence ascorbic acid =0-04 x O1 x 0-64 — 62-5 mg./100 g. 


C. BIoLOGICAL ASSAYS 


For the purposes of the present investigations it was considered advisable to concentrate 
our attention on those products which, supposing the objections set out at the beginning 
of the paper (p. 155) were valid, might be expected to give the least good agreement 
between the chemical and biological values. In this connexion three principal factors have 
to be considered. (1) The presence of ‘combined ascorbic acid’, not allowed for by the 
usual titration procedure, is postulated in certain vegetables (but not fruits), notably in 
potatoes. (2) The contribution of any dehydroascorbic acid to the total antiscorbutic 
activity has also to be considered, and potatoes again have been cited as among the 
11-2 
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materials containing the most appreciable quantities of it, particularly after long storage, 
(3) ‘Non-specific reducing substances’ other than vitamin C may be produced when sugars 
are heated with alkali, and, it has been suggested, might occur therefore in certain pro- 
cessed articles, particularly those prepared with added sugar. 

With these considerations in mind the following products were chosen for investigation: 
(1) freshly lifted potatoes, (2) potatoes stored for 5 months, (3) canned black currant 
purée consisting of sieved black currants cooked with sugar, (4) freshly picked black 
currants, (5) the ‘cooking water’ in which fresh cabbage had been boiled, and (6) a special 
dried cabbage prepared in such a way as to retain its activity towards the indophenol 
reagent. We were thus able to compare the results on a fresh vegetable with those on a 
stored vegetable (potato), and a fresh fruit with a preserved fruit (black currant). Black 
currants were included in the assay also for another reason; attention had first been 
attracted [Olliver, 1936] to their exceptional potency as a result of chemical tests by the 
method of Harris & Ray, and it was desired to have an additional check. By examining 
fresh black currants and stored potatoes, we were also able to compare a rich with a poor 
source of the vitamin. The ‘cabbage water’.was chosen because it might perhaps be 
argued that the large amounts of the reducing substance found in the cooking water were 
unlikely to be genuine vitamin C, and the dried cabbage because it provided a good 
example of a processed food whose biological activity might likewise be questioned. 

Four series of biological assays were carried out. 





Series 1 and 2, dental method 


The histological ‘tooth-structure’ method was used for the biological tests in series 1 and 2. 
This method has already been found to give reliable results and to agree with tests by 
other biological procedures [e.g. Eddy, 1929; Key & Elphick, 1931; Harris e¢ al. 1932; 
Harris & Ray, 1932; 1933, 2,3,4; Key & Morgan, 1933; Pierson, 1933; Coward & 
Kassner, 1936; Coward, 1938]. 


For both series 1 and 2, 50 young male guinea-pigs were placed for a few days on the basal scurvy-producing 
diet* supplemented with 15 g. of cabbage daily, until they weighed between 250 and 300 g. They were then 
divided into ten groups. One group was kept as negative controls and for the remainder the diet was supple- 
mented with graded doses of the material under test or of the standard (ascorbic acid). Doses of 2-5, 1-25 and 
0-6 mg. of ascorbic acid were administered daily to three groups, and the calculated quantities of potatoes 
and black currants equivalent to these levels of ascorbic acid were given daily to the remaining groups. These 
calculated amounts were based on the results of chemical determinations carried out daily on the materials 
under test, and thus the amount given varied slightly from day to day. y 

In the first series (July 1938) new Eclipse potatoes were tested and these were lifted from the plants on 
each day of dosing to ensure freshness of material. Ripe Baldwin black currants which were also tested in this 
series were picked daily from the bushes a few hours before each dosing. Owing to the very high concentration 
of ascorbic acid in black currants it would have been necessary to dose only a portion of a berry per day in 
the low-level group. Since also black currants are known to vary greatly from berry to berry in their concen- 
tration of ascorbic acid (Table 2), it was decided to reduce error on this score by mincing finely a large 
quantity of the fruit, straining, and diluting to 1 in 3 with water just before dosing. Duplicate chemical tests 
showed that in this way a homogeneous mixture was obtained. ; 

To mitigate as far as possible any error due to variations in the composition of different potatoes and 
portions of potatoes, each guinea-pig was fed on small pieces of tissue cut from different parts of various 
potatoes. Each piece was cut immediately before dosing, in order to avoid oxidation. 


* The basal diet used both for this work and for the later tests by the growth method (series 3 and 4) had 
a composition similar to that described by Harris et al. [1932]: 


Ground whole oats (‘Sussex oats’) 720 parts by weight 
Bran 160 a ee 
Dried egg yolk 90 ” 99 
Salt mixture 20 pe 


‘Radiostoleum’ (for vitamins A and D) 3 drops twice a week 
In the most recent experiments of series 4, the whole ground oats became unobtainable and had to be replaced 
by ordinary oatmeal (kilned). The precaution was taken therefore of adding 10% dried brewer’s yeast to the 
diet to make up for destruction of vitamin B, and possibly other factors during the kilning process. 
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Table 6. Biological assays by tooth-structure method. Series 1, July 1938 


Material 


Potatoes, new, Eclipse 


Black currants, new, 
Baldwin 


Ascorbic acid 


Negative control 


Dose given, in terms 

of ascorbic acid, as 

determined chemi- 
cally, mg. - 


2-5 


1-25 


0-6 


1-25 


0-6 


0-6 


Serial 
no. of 
animal 


22 
50 
24 

2 
48 


33 
13 
17 
40 


43 
41 
23 
37 


20 


46 
49 
25 
21 
12 


35 
30 
32 
42 
11 
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26 
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Table 7. Biological assays by tooth-structure method. Series 2, January 1939 


Material 


Potatoes, old, from clamp, 
Eclipse 


Black currant purée (6 


months after canning) 


Ascorbic acid 


Negative controls: (1) 





Dose given, in terms 

of ascorbic acid, as 

determined chemi- 
cally, mg. 


2-5 


1-25 


1-25 


0-6 


0-6 


Serial 
no. of 
animal 


43 
1 
6 

21 


17 
23 
38 


10 
22 
26 
27 
48 


13 
40 
46 
50 


33 
34 
49 
51 
52 


24 
25 
28 
36 


ll 
16 
35 
41 
53 


12 
15 
47 
55 


14 
18 
19 
32 
42 


20 
30 
31 
39 
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At the end of two weeks’ daily dosing, the animals were killed, the lower jaw removed and sections made 
of the decalcified incisors. Microscopic examinations of the sections for histological scorbutic changes were 
then made [Key & Elphick, 1931]. 

The second series (January 1939) of assays was conducted on similar lines, ascorbic acid, Eclipse potatoes 
and canned black currant purée being administered daily to the guinea-pigs. The potatoes were identical with 
those used in the first series but had been stored in a clamp for 5 months after lifting. The black currant 
purée had been made the previous summer from sieved black currants mixed with sugar and water and then 
canned and processed. This canned product had been stored for 6 months. 


Table 8. Calculation of results of biological tests, series 1 and 2 





Dose given, Biological activity 
as determined (as determined from 
chemically dose-response curve, Ratio of values 
Description mg. Figs. 2, 3), mg. biological : chemical 

Series 1: Potatoes (new) 2-5 _ _ 
1-25 1-4 1-12 
0-6 0-6 1-0 

Av. 1-06 

Black currants (new) 2-5 _ 

1-25 1-2 0:96 
0-6 0-4 0-67 

° Av. 0-82 

Series 2: Potatoes (old) 2-5 — 

1-25 1-1 0-88 
0-6 0-4 0-67 

Av. 0-78 

Black currants (purée) 2-5 —_— — 

1-25 1-4 1-12 

0-6 0-7 1-17 

Av. 1-15 

Final averages: Potatoes 1-06 
0-78 

Av. 0-92 

Black currants 0-82 

115 

Av. 0-99 


Average degree of protection 
Nm 


Sls 





0 


06 = 25 25 0-6 = 125 2-5 
Dose of ascorbic acid given, mg., Dose of ascorbic acid given, mg., 
as determined chemically as determined chemically 


Fig. 2. Fig. 3. 
Fig. 2. Dose-response curve, series 1. © =potatoes, new. x =black currants, new. e=ascorbic acid 
standard. / =negative control. 


Fig. 3. Dose-response curve, series 2. © -=potatoes, old. x =black currant purée. e =ascorbic acid 
standard. / =negative control. 
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Resulis. The findings in the first two series of tests are given in Tables 6 and 7. To 
reduce subjective errors, independent observers from three different institutes were asked 
to assess the degree of protection shown by the microscopic sections of the guinea-pigs’ 
teeth, and the averages of the closely concordant findings were accepted.* The dose- 
response curves are presented in Figs. 2 and 3, and the final calculations of activities in 
Tables 8 and 12. It will be seen that, within the limit of biological error, there is good 
agreement between the results from the biological and the chemical methods in all 
instances. This agreement is all the more striking when it is realised that the daily doses 
administered to the animals varied from 0-6 g. of the highly potent black currant purée 
to 30 g. of the relatively inert stored potato. 





Statistical accuracy of the biological tests. Miss H. Bruce has kindly submitted the results of the biological 
assays to a statistical analysis. She reports as follows. ‘The apparent-dose ratio (i.e. ratio between the doses 
of a given substance as determined biologically and chemically) was calculated by the method of common 
slope [Irwin, 1937]. Since the highest dose in every instance gave a nearly maximal response, the results 
have been calculated from the two lower doses only, and the straight line relation is assumed to be between 
the log dose and the effect (Table 9). The significance of the differences between the results as determined by 
biological and chemical methods has been tested for each pair of doses (comparison being made with ascorbic 
acid at the same dose level in each case) by the application of Fisher’s “t” test (Table 10). It is evident that 
none of the differences are significant and it may be concluded that there is complete agreement between 
the two methods of assay. In view of the excellent agreement between the three independent observers 
(cf. Fig. 4), it is clear that the subjective error in matching against the scale does not play so large a part 
as might have been supposed.’ 


Series 3 and 4, curative growth method 


Method. The tests on ‘cabbage water’ and dried cabbage were done by the curative 
growth method [Harris e¢ al. 1932; Harris & Ray, 1932; 1933, 1, 2, 3]. Only preliminary 
accounts of this method have hitherto been published, but Glazunov [1937], who com- 
pared it with the various alternative biological methods available, considered it to be the 
most convenient and accurate. The essential part of the procedure is to place standardized 
guinea-pigs, all males, weighing exactly 300 g., for 10 days on a scurvy-producing diet, 
and then on the 11th day of the experiment to begin the dosing of the various graded 
supplements. The 11th day is chosen as being that on which the sudden and precipitous 
drop in weight is about to begin, under the closely specified conditions. If larger animals 
are used, or higher reserves have been built up, dosing must be delayed by one or more 
days and vice versa depending on conditions, e.g. possible seasonal variations. The 
supplements, in other words, are given just in time to prevent any excessive loss in 
weight; the animals are already depleted (microscopic lesions in the dental structure have 
by then appeared), but there are still no obvious signs of deficiency. It is essential to time 
the beginning of the dosing to the nearest day, otherwise an animal which has already 
begun to lose weight rapidly will probably fail to respond satisfactorily or will only do so 
after undue delay. It is a useful precaution therefore to take the first few guinea-pigs in 
each test as ‘pilot’ animals, or negative controls, to indicate when the fall in weight sets in; 
this need not vary by more than 2-3 days under a given set of experimental, climatic or 
seasonal conditions. 


To equalize the ‘ pre-experimental’ conditions, the guinea-pigs are taken off their normal mixed diet when 
between 200 and 250 g. in weight and allowed 15 g. of cabbage daily in addition to the scurvy-producing 
diet, so as to build up their reserves to a uniform extent. This cabbage is withdrawn and the animals kept on 
the basal diet alone, starting from the exact day when each animal first reaches 300 g. in weight. It is found 
necessary during this preliminary period to weigh them daily, and determine the day on which the depletion 
period is to start separately for each animal, rather than for the group of animals as a whole. 


* We are indebted to Miss H. Bruce of the Pharmaceutical Society’s Laboratory for her participation in 
the team of assessors. 
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Table 9. Statistical analysis. Calculation of ratio of biological to 
chemical results by method of common slope 


Apparent dose ratio as calculated from biological test 


Series nn nc te RN 
no. Substance Lab. I Lab. 2 Lab. 3 Mean of 3 observers 
1 Potato, new 0-81 1-15 1-12 1-03 
Black currant, new 0-77 0-85 0-78 0-80 
2 Potato, old : 0-85 0-80 0-72 0-79 
Black currant purée 1-12 ie. 1-09 1-13 


Table 10. Calculation of ‘ significance’ 





Dose as determined Value of ‘t’ 
Series chemically, mg. 
no. Substance ascorbic acid Lab. 1 Lab. 2 Lab. 3 
1 Potato, new : 1-25 0-7 0-5 0-3 
0-6 0-9 0-1 0- 
Black currant, new 1-25 0-8 0-1 0-4 
0-6 1-3 0-8 0-8 
2 Potato, old 1-25 0-5 0-5 0-6 
0-6 0-5 1-2 1-4 
Black currant purée 1-25 0-5 0-7 0-08 
0-6 0-3 0-6 0-4 
Series 1 
Potatoes, new Black currants, new Ascorbic acid 
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Fig. 4. Tooth-structure method: agreement between different observers. Dose-response curves, based on 
the assessments reached independently in three laboratories. Above, series 1; below, series 2. 
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The basal diet is the same as that previously described (p. 164). With about 5-6 animals 
on each level of standard and unknown, the results 
have a very satisfactory degree of statistical significance 
[Harris, 1941]. 

Plan of experiments. In a preliminary trial run (Figs. 5, 
6) graded doses of standard alone, 0, 0-2, 0-4, 0-6, 0-8 and 
1-0 mg. ascorbic acid, were tested. This showed that suitable 
levels of the ‘unknown’ for test were those equivalent 
to 0:3, 0-5 and 0-7 mg. of ascorbic acid. For maximal 420 
accuracy the test could be continued for about 20 to 
30, days after the 10-day depletion, although after only —_400 
10-15 days the dose-response curve (Fig. 6) is already 
sufficiently steep to permit a fairly close estimate. A 380 
further extension beyond 30 days is inadvisable, however, 
because of the loss in weight which then sets in, pre- °,, 
sumably owing to deficiency of some further unspecific 
factor.* , 















Gain in bodv wt... c. 
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. 340 
The assessment can be based on the loss or gain in weight during $ 
either the total period of the experiment, i.e. depletion period plus 
dosing period, or the depletion period alone. A possible advantage of 3 320 
= 






the former alternative is that if the average growth curve of a group 
should happen to be below normal during the short depletion period, it 
is likely to be compensated for in the subsequent part of the curve; 
i.e. by taking the longer period for comparison, initial random varia- 
tions are more likely to even themselves out. Examples of both methods 280 
of reckoning are shown in the figures, and it is clear that the values 

obtained by either method are virtually identical provided they are 

based on a sufficient number of experimental data; in individual assays 260 
the method giving the smoother dose-response curve may be legitimately 

selected. 
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In series 3 (June 1941) the three levels of ascorbic acid 
referred to above, 0-3, 0-5 and 0-7 mg. were given daily 20 
together with the calculated equivalents of ‘cabbage 
water’, as determined chemically by titration, there being 
6 animals in each of the 6 groups. (To prepare the 
‘cabbage water’ 100g. of fresh cabbage were placed in 
250 ml. of boiling freshly distilled water and cooked for 
20 min.; the water was cooled and poured off, titrated 
for ascorbic acid and made up to a dilution such that Fig. 5. Curative growth method. 
portions of 1-2, 2-0 and 2-8 ml. respectively gave the Average weight curves of groups 
three doses required.) In series 4 (August 1941) the same a sectiving %. 7 
: . : : “4, 0-6, 0-8 and 1-0 mg. of ascor- 
biological procedure was used for testing the dried cabbage, hic acid daily. Six animals in 
the same calculated equivalents, 0-3, 0-5 and 0-7 mg., each group. No ascorbic acid 
being administered daily, and the same doses of standard.t until eleventh day of experiment 
The average weight curves and the corresponding dose- Pen dosing started (atechegn 
é ; : otted line). 
response curves for series 3 are given in Figs. 7 and 8, 
respectively, and for series 4 the dose-response curve only is shown in Fig. 9. 
Results. A glance at the dose-response curves (Figs. 8, 9) shows clearly enough the 
good agreement between the calculated and the observed responses. The computation 
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* Attempts to restore weight by addition of extra yeast, vitamin E etc. were unsuccessful. 

+ The test on the dried cabbage was done in collaboration with Dr L. W. Mapson in the course of investiga- 
tions on processed foods, carried out on behalf of the Food Investigation Board. We are indebted to them and 
him for permission to refer to it here. 
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of the exact biological values is given in Table 11, and it will be seen that these differ from 
the chemical values by less than 1 %. 


After 16 days dosing After 30 days dosing After 40 days dosing » 


Gain in body wt., g. 


0-2 0-4 06 08 
Dose of ascorbic acid, mg. 
Fig. 6. Dose-response curves corresponding with Fig. 5, after 10, 16, 30 and 40 days of dosing. Losses or 
gains in weight are here reckoned from beginning of dosing. (Similar curves are obtained if losses or 
gains are reckoned from beginning of depletion: cf. e.g. Fig. 8.) 


20 40 20 40 
Days 


Fig. 7.. Average weight curves of guinea-pigs, receiving 0-3, 0-5 and 0-7 mg. of ascorbic acid and the corre- 
sponding equivalents of ‘cabbage water’ as determined chemically. Six animals per group. Dosing 


begins after 10 days’ depletion (dotted line). S=Standard (ascorbic acid). U=‘Unknown’ (cabbage 


water). 
SUMMARY OF BIOLOGICAL TESTS 
In Table 12 are assembled final comparisons of the chemical and biological determina- 
tions. The products examined were very varied in character and covered a wide range of 
potency (from 9 to 460 mg. of ascorbic acid per 100 g.). The average of the biological 
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Gain in body wt., g. 
Gain in body wt., g. 


03 0:5 0-7 0-3 0-5 0°7 
Dose of ascorbic acid given, mg., Dose of ascorbic acid given, mg., 
as determined chemically as determined chemically 
Fig. 8. Fig. 9. 


Fig. 8. Dose-response curve for ‘cabbage water’, corresponding with the growth curves in Fig. 7. (Values 
after 40 days’ dosing. Depletion period included in the reckoning of gains or losses; similar result obtained 
if excluded, cf. Fig. 6.) e e e=standard (ascorbic acid). x x x =unknown (cabbage water). 


Fig. 9. Dose-response curve for dried cabbage. Six animals per group. Results after 20 days’ dosing; 
values calculated from beginning of depletion period (cf. Fig. 6). e e e=standard (ascorbic acid). 
x x x =unknown (dried cabbage). 


Table 11. Calculation of results of biological tests, series 3 and 4 


Dose given, as Biological activity, as 
determined determined from dose- Ratio of values, 

chemically response curves, Figs. 8, 9 biological : 

Description . mg. mg. chemical 
Series 3, cabbage water 0-3 0-295 0-98 
0-5 0-53 1-06 
0-7 0-665 0-95 
y. 1-00 
Series 4, dried cabbage , 0-32 1-07 
0-51 1-02 
0-65 0-93 
Av. 1-01 


Table 12. Summary of chemical and biological comparisons 


Average content of 
ascorbic acid, mg./100 g. Biological 
—————"— __ value, as % 
Method used for Determined Determined of chemical 
Description biological assay chemically _ biologically value 


Black currant (new) Tooth structure 237 194 82 
Black currant (purée) 120 138 115 
Potatoes (new) 35 37 106 
Potatoes (old) rs * 9 7 78* 
‘Cabbage water’ Curative growth 25 25 100 
Dried cabbage . 460 463 101 
Av. 97 


* Low value attributed to incomplete absorption; very large doses needed in biological tests. 
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values is 97°% of that of the chemical values. This agreement seems very satisfactory, 
especially when it is borne in mind that what small difference there is, is almost certainly 
due to the liability for low biological values to be given by relatively inert products such 
as old potatoes, since these had to be administered in unduly large doses and thus the 
vitamin was likely to be incompletely absorbed. Incidentally, our figures seem to confirm 
the conclusion of Glazunov [1937] that, with proper precautions, the curative-growth 
method is considerably more sensitive and certainly less troublesome than the microscopic 
tooth-structure method. 


D. SUPPOSED OBJECTIONS TO THE TITRATION METHOD 


At the beginning of this paper three alleged sources of error in the titration method were 
mentioned ; these may now be considered in turn. 


(1) Interfering substances 

It has been suggested that the results obtained by the chemical method may possibly be too 
high owing to the presence of substances other than ascorbic acid which may reduce 2:6- 
dichlorophenolindophenol. This criticism has been mostly levelled against the method as 
applied to animal tissues. Emmerie & van Eekelen [1934] proposed to insert a preliminary 
treatment with mercuric acetate to remove such reducing substances, and several workers 
have applied this modification when testing plant tissues. We are not aware, however, 
of any experiments which have demonstrated the presence of significant amounts of such 
interfering substances in plant tissues, and the proposed modification of Emmerie and 
Eekelen is considered inadvisable by most investigators [e.g. Bessey, 1939: see also below, 
Discussion p. 179]. 

Sugar derivatives. Products formed by the treatment of certain sugars with hot alkali, 
or other chemical agents, may under some circumstances reduce the dye [Harris, 1933]. 
It seems certain, however, that such substances are not produced by the methods ordinarily 
used for the ‘processing’ of fruits and vegetables, i.e. in cooking, canning or jam making. 
In control experiments, solutions of sugars and of acids, in concentrations similar to those 
normally added to (or present in) fruits and vegetables, were canned and processed alone, 
and it was observed that there was no development of reducing power towards 2:6- 
dichlorophenolindophenol. Again, fruits and vegetables initially low in ascorbic acid were 
found to have equally negligible values after canning, while the more active raw materials 


Table 13. Reliability of chemical method as illustrated by values obtained for jams: products 
found to be low in ascorbic acid are those made from fruits of known low potency, and 
vice versa 





Ascorbic acid content, mg./100 g. Ascorbic acid content, mg./100 g. 

~*~ ~ —_—— I eee 

Variety In fruit used In jam prepared Variety In fruit used In jam prepared 
Black currant 144 45 Raspberry 19 8 
Strawberry 64 25 Greengage 3 <1 
Red currant 30 13 Red plum 2 1 
Marmalade 42 10 Apple jelly 2 <1 
Gooseberry 40 ll Golden plum 2 <1 


yielded correspondingly active products. Similarly, negligible values were found for jams 
and jellies made from fruits initially low in vitamin C, and vice versa. For example, plums, 
greengages and apples are fruits relatively low in vitamin C, and it was found that plum 
and greengage jams and apple jelly prepared under normal conditions of manufacture, 
had reduction values towards 2:6-dichlorophenolindophenol corresponding to less than 
1 mg. of ascorbie acid per 100 g. Other examples of this parallelism are shown in Table 13. 

Reference was made above (p. 163) to the need for removing SO, and Sn if present in 
large amounts as contaminants of food materials. We are not aware of any other inter- 
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fering substance likely to be found in ordinary fruit or vegetable preparations, or occur- 
ring naturally in the plant tissues. The nature of certain reducing substances in malt 
extracts, in yeast and fermented juices and in mushrooms will be referred to below. 


(2) Dehydroascorbic acid 


In their pioneer work on the reducing action of plant juices towards the indophenol dye, 
Tillmans et al. [1932, 1, 2] found that they often had to include a preliminary treatment 
with H,S in order to regenerate the reducing principle (now recognized as ascorbic acid) 
from its reversibly oxidized form. It now seems certain that the explanation is that during 
their laborious, and on the whole unsatisfactory, process of preparing the extract ex- 
tensive oxidation must have occurred. When a little later the method for the actual 
quantitative estimation of the vitamin was worked out at Cambridge, employing an im- 
proved method of extraction with trichloroacetic (or, afterwards, metaphosphoric) acid, 
the treatment with H,S was found to be unnecessary, for the titration values in the absence 
of H,S agreed excellently with the biological assays [e.g. Harris & Ray, 1933, 1; Birchi et 
al. 1933; Harris, 1937]. 

McHenry & Graham [1935, 1], and Reedman & McHenry [1938], have made the sur- 
prising claim that considerable quantities of reversibly oxidized ascorbic acid are present 
in fresh vegetables. This is in conflict with the finding of nearly all recent observers, and 
we believe that here again the explanation is that oxidation occurred during the extrac- 
tion. It is noteworthy that McHenry and his co-workers employ an elaborate process of 
extraction which would conduce to oxidation. Moreover, the values which they report for 
reduced ascorbic acid are so extraordinarily low compared with those found by other 
workers, whether using biological or chemical methods in which oxidation is better 
guarded against, that there seems little doubt that the large amount of reversibly 
oxidized ascorbic acid is indeed an artefact. Our experience is in line with that of Stone 
[1937], who was unable to detect any dehydroascorbic acid in the intact vegetable and 
believes it to be produced when the cellular tissue is broken and exposed to the air, and 
that of Bessey [1938], who found no significant quantity of dehydroascorbic acid in fresh 
vegetables and only small quantities in stored or wilted vegetables.* 

Experimental. Our own extensive determinations, entailing many hundreds of titra- 
tions on numerous fruits and vegetables, lead us to confirm the original view of Harris 
& Ray. The small traces of dehydroascorbic acid found in fresh plant tissues sink into 
insignificance compared with the effect of other variables already mentioned in this 
paper, i.e. variations between one sample and the next, and between different portions of 
the same specimen, and between one batch and another. Compared with the great natural 
range of activities in the plant kingdom—extending, for example, from such high values 
as hips (500 mg./100g.) or black currants (200), through medium figures such as cabbage 
(100) or lemon (50), down to the low level of pears (3) or plums (2)—it is obvious that the 
presence of a mere | or 2% in the form of dehydroascorbic acid can be disregarded as of 
little or no practical consequence to the dietitian. A few representative figures from our 
analyses are given in Table 14. It will be seen that, among the materials we examined, 
only stored potatoes had any significant amount of dehydroascorbic acid. Even so, the 
agreement between the results obtained biologically and those by the chemical method 
without previous reduction (Fig. 2) would suggest that for all practical purposes the treat- 
ment with H,S is scarcely necessary. 

* Ascorbic acid oxidases are generally found in vegetable rather than in fruit tissues, and it is not sur- 
prising therefore that the majority of workers have found dehydroascorbic acid to be associated with 
vegetable extracts rather than with fruit juices. Zilva et al. [1938], on the other hand, found about 50% of 


the total ascorbic acid of immature apples to. be present in the reversibly oxidized form. The proportion 
diminished as the fruit approached maturity. This is an interesting point which would no doubt repay further 


investigation. 
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Table 14. Dehydroascorbic acid in fruits and vegetables 
Dehydroascorbic acid 






As % of total 
No. of — Ascorbic acid, mg./100 g. mg./100 g. ascorbic acid 
batches. —_——————44--—_, 9——*—— +" 

Material tested Range Average Range Average Maximum Average 

Asparagus 12 50-97 74 0-4 1 6 1 

Black currants 8 188-289 233 0-14 3 5 1 

Broccoli (white head) 12 57-79 71 0-3 <1 4 1 

Cauliflower (white head) 9 49-92 74 0-3 <1 2 <i 

Gooseberries 8 38-48 46 Nil — Nil = 

1 
6 








Peas 7 20-38 29 0-3 1 8 
Potatoes: New 14 30-36 33 0-2 0-5 6 
Stored* 23 8-17 ll 0-1 <l 12 

* All material except stored potatoes was freshly gathered before testing. 





Table 15. Apparent dehydroascorbic acid content of black Leicestershire mushrooms 


Time of addition Ascorbic acid, mg./100 g. Time of addition Ascorbic acid, mg./100 g. 


of acid after ©§_ ———___*»——_._ of acid after .———_—’ 
commencement Determined Determined commencement Determined Determined 


of grinding without reduc- after reduction of grinding without reduc- after reduction 
min. tion by H,S by H,S min. tion by H,S by H,S 

0 3 10 0 3 6 

0 3 8 4 3 14 

0 3 15 1 3 19 

0 4 18 2 3 15 


Anomalous results with mushrooms. Contrary to the general rule, we observed that with mushrooms a 
considerable rise in reducing value occurred after treatment with H,S (Table 15). This increase cannot 
presumably be due to the action of oxidases during the grinding, since previous grinding before the addition 
of acid did not affect the results (cf. Table 3). The presence of preformed dehydroascorbic acid in mushrooms 
seems possible because of their large surface (porous nature of tissues) and the occurrence of oxidase systems. 
It was significant, however, that with the extracts from mushrooms the end-points in the titrations were 
exceptionally poor, and faded rapidly. It seems likely, therefore, especially when it is borne in mind that 
mushrooms are so different physiologically and morphologically from other fruits and vegetables, that this 
acid-extract contains additional substances distinct from dehydroascorbic acid, which after reduction 
with H,S will decolorize the dye. Mack & Tressler [1937], working with other plant extracts, have sug- 
gested that an apparent increase in reducing substances after treatment with H,S is not always due to 
dehydroascorbic acid. In view of this doubt, and bearing in mind the small practical significance of dehydro- 
ascorbic acid for fruits and vegetables in general, we are once again forced to the conclusion that for routine 
estimations the preliminary reduction with H,S is not necessary. Even when it is tried, as for exploratory 
experiments, the results must be interpreted with caution. 


(3) Combined ascorbic acid 


It was claimed by Ahmad [1935] that when plant tissues were heated an apparent increase 
in the amount of ascorbic acid could be observed. To account for this supposed increase, 
McHenry & Graham [1935, 2] advanced the theory that raw vegetables contain some of 
their ascorbic acid in the ‘bound’ form and that this is unable to reduce the dye; when the 
vegetables are cooked ‘free’ ascorbic acid is released and can thus be titrated. This alleged 
increase on cooking is, however, contrary to the experience of most workers, who find 
that heating diminishes rather than augments the amount of ascorbic acid. Van Eekelen 
[1935; 1938], working with potatoes, was unable to observe any increase on heating. He, 
and Harris [1937] both attributed the apparent increase on heating to the destruction of 
the natural ascorbic oxidases of the plant; unless proper precautions are taken these 
oxidases will inactivate the vitamin during the preliminary process of grinding and 
extracting before the titration. 

Later, this theory of ‘bound ascorbic acid’ has formed the subject of controversy. 
Thus, Guha & Pal [1936] claimed to have isolated ‘bound ascorbic acid’ from cabbage; 
but their findings were controverted by Mack [1936]. Levy [1936] at one time believed 
he had demonstrated the presence of ‘bound ascorbic acid’ in cauliflower and potatoes; 
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according to Mack & Tressler [1937], on the other hand, an apparent increase observed 
when certain extracts are heated may be sometimes due to the formation of physiologically 
inactive degradation products. Guha & Sen-Gupta [1938] supported the earlier work of 
Guha & Pal [1936], and Scarborough & Stewart [1938] reported that they found combined 
ascorbic acid in cauliflower juice; but as against this Bessey [1938] was unable to detect it - 
either in cauliflower or in potato, and Levy [1937], in a later paper, finds that cooking 
causes a loss in ascorbic acid and not an increase, while Fujita & Ebihara [1938; 1939] 
admit that the case for combined ascorbic acid is ‘still not proved’ or ‘could not be 
substantiated’. 

Experimental: effect of cooking on ascorbic acid content. Applying the method for 
estimating ascorbic acid described in the present paper, we have made a prolonged series 
of tests, comparing numerous raw fruits and vegetables with the heated products. As a 
result we have been unable to observe an increase in ascorbic acid in the cooked products. 
Some typical results are given in Table 16. 


Table 16. Effect of cooking on ascorbic acid in fruits and vegetables 


Ascorbic acid, mg. per sample. 


Material Raw tissue : Cooked 
——— ** % loss on 
Tissue Liquor Total cooking 
Black currants 775 326 400 126 6 
Broad beans 127 35 84 119 6 
Broccoli 341 156 168 - 324 5 
Cabbage 208 47 95 142 32 
Cauliflower 172 68 98 166 3 
Gooseberries 81 38 40 78 4 
Peas 246 95 132 227 8 
Plums 17 8 9 17 0 
Potatoes 310 190 70 260 16 
Spinach 114 47 23 70 38 
Sprouts 160 52 97 149 7 
Stringless beans 40 17 20 37 4 


Apparent increase of vitamin C during cooking of carrots. At one time we were puzzled by the observation 
that cooked carrots seemed to be richer in vitamin C than the raw carrots from which they were prepared. 
The explanation of the supposed anomaly is instructive, and we believe worth recording here since the 
conditions must have been similar to those in experiments by other observers in which an apparent increase 
has been claimed. The carrots had been sliced in the usual way immediately before being dropped into the 
boiling water for the cooking, a portion of the same sliced carrot being also used for the control test on the 
raw material. The essential point which was at first overlooked was that the destruction of vitamin C by the 
ascorbic oxidases set free on slicing was inhibited in the cooked carrot the moment the freshly cut slices were 
dropped into the boiling water, whereas in the unheated control the oxidation proceeded for a short time be- 
fore the slices were placed under the acid for extraction. When the experiment was more suitably controlled, 
the slicing of the raw carrots being done under the surface of the protecting acid before the grinding was 
started, it was found that cooked carrots had a lower and not a higher value than raw carrots. It should not 
_be forgotten, however, that from the point of view of the dietitian there may in fact often be more vitamin C 
in cooked vegetables than in raw if the latter have been shredded or chopped before consumption. 


Probable explanation of the ‘combined ascorbic’ hypothesis. We believe that three causes 
have combined to produce the misleading appearance of the increase in ascorbic acid after 
heating, recorded by McHenry and others, and responsible for the ‘combined ascorbic 
acid’ theory. 

(a) Incomplete extraction. From unheated tissues, particularly if they are of a hard or. 
fibrous nature, quantitative extraction of ascorbic acid is more difficult than from 
softened, heated materials. Thus a fictitiously low value is given to the raw product unless 
a satisfactory method of extraction is used. 

(b) Variations in sampling. We have already stressed the importance of repre- 
sentative sampling, in order to assess the natural range of variations for a given natural 
product. Failure to do so will materially affect the correctness of the final conclusions. 
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In much of the published work on the effect of cooking, a single determination only is 
made on the raw material and another single determination on the cooked preparation. 
A slightly higher value for the cooked product is sometimes taken to mean a rise in 
ascorbic acid, although actually the difference observed is well within the natural range 
of variations. 

(c) Action of oxidases. The most important factors are probably the ineffective pro- 
cedures used to prevent the action of oxidases during the preliminary extraction of the 
raw material and the destruction of these same oxidases by the cooking or heating 
process. There is direct internal evidence that this cause has been at work, for (1) the 
method of extraction used by McHenry and Graham is calculated to permit oxidation of 
the raw material, and (2) the values for the raw materials as given are extraordinarily low 
compared with those obtained by other workers using both biological and chemical methods. 

Experimental evidence: effect of faulty methods of extraction. We have confirmed the 
last-mentioned deductions given under heading (c) above by means of direct controlled 
experiments. Using the method of McHenry and Graham, which entails the use’ of large 
amounts of the material and a lengthy and laborious process of extraction, the values we 
obtained for ascorbic acid in various vegetables were considerably lower than with our 
own rapid process which safeguards effectively against such losses (Table 17). That oxida- 
tion occurs during McHenry’s process is clear from the fact that a portion of the ascorbic 


Table 17. Effect of method of extraction on the total ascorbic acid 
content of vegetables. Ascorbic acid, mg./100 g. 


Method of McHenry and 
Graham, using large quantities 


Method of Harris and of tissue and laborious 
co-workers extraction 
OOD Ques ee 
Material Before After Before After 
treatment treatment treatment treatment 
with H,S with H,S with H,S with H,S 
Asparagus 62 62 58 58 
66 66 56 56 
Broccoli 64 64 35 39 
77 77 66 66 
73 ; 73 55 59 
Potatoes (old) 8 9 6 7 
7 7 2 5 


acid can generally be recovered as reversibly oxidized dehydroascorbic acid, whereas with 
our method virtually none is to be found. Obviously heating of the vegetable, by inacti- 
vating the oxidase, will reduce oxidation and so lead to an apparently higher value for the 
ascorbic acid. 


Reedman and McHenry’s ‘hydrolysis’ method. Reedman & McHenry [1938] have stated that there are 
appreciable amounts of ‘combined ascorbic acid’ in potatoes, and have suggested a method of estimation 
based on a preliminary hydrolysis with HC] of the postulated protein-ascorbic-acid complex. We attempted 
to repeat their work, but at the start experienced difficulty in preventing oxidation during the hydrolysis 
with HCl in an atmosphere of CO,, even at 40°, and found an atmosphere of H,S to be more efficient. McHenry, 
in a private communication, confirmed this finding and also mentioned that a concentration of 0-2% HCl 
was preferable to one of 1%. We suggested that in carrying out the estimations of ‘total ascorbic acid’, a 
saving might be effected by combining all the extraction processes, i.e. first carrying out the hydrolysis with 
HCl, extracting the residue with trichloroacetic acid and metaphosphoric acid, combining the extracts 
and making a single titration. McHenry agreed with this and consequently the following procedure was 
adopted. The material was ground with 50 ml. of 0-2% HCl and transferred to a small wide-mouthed flask. 
H.S was passed into the solution for 10 min. and the flask was stoppered and kept at 40° for 1 hr. The solution 
was then squeezed through muslin into a 250 ml. wide-mouthed flask graduated at 100 ml. The residue was 
extracted with 12-5 ml. of 20% trichloroacetic acid and 5 ml. of 20% metaphosphoric acid and washed into 
the flask, the volume being kept below 100 ml. H,S was passed through for a further 5 min., the flask stop- 
pered and left overnight. The H,S was removed in a stream of N, and the volume made up to 100 ml. in a 
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graduated flask. The solution was then filtered and titrated. This titration gives the total ascorbic acid in the 
material; i.e. the reduced, reversibly oxidized and ‘combined’ forms of the acid. Using this method we have 
carried out extensive tests on potatoes, black currants, broccoli and asparagus and in no case has the hydrolysis 
method described given higher values than those obtained by the ordinary titration method, except in 
isolated instances which could be accounted for by the wide variation in the ascorbic acid content of the 
material under examination. Indeed, the hydrolysis method has in most instances given lower values than 
the direct method advocated in this paper. Representative figures are given in Table 18. It is probable that 
oxidation of free ascorbic acid occurs during the preliminary hydrolysis with HCl, since, provided that meta- 
phosphoric acid is added to the hydrolysing acid, the finalresults agree well with those obtained by the usual 
direct method (Table 19). 


Table 18. Comparison of ‘direct’ and ‘hydrolysis’ methods. 
Ascorbic acid, mg./100 g. 


‘Direct’ method of Harris and co-workers 


(technique as in this paper) ‘Hydrolysis’ method, 
after Reedman and 
Material Before treatment with After treatment with McHenry 
H,S H,S (atmosphere of H,S) 
Asparagus 50 52 36 
53 56 40 
70 70 61 
75 76 61 
97 101 82 
97 97 92 
Black currants 207 207 190 
146 148 149 
140 142 147 
Black currants, minced and 66 68 65 
diluted for dosing 66 66 64 
53 53 51 
Peas 23 24 22 
23 23 23 
Potatoes (new) 29 29 a. 
33 33 26 
30 30 25 
33 33 31 
27 28 27 
38 38 36 
Potatoes (stored) ll 12 10 
10 10 10 
8 9 9 


Table 19. Effect of addition of metaphosphoric acid to the hydrolysing acid in the 
method after Reedman and McHenry. Ascorbic acid, mg./100 g. 


Direct method ‘Hydrolysis’ method As in last column but 
oo! __ after Reedman and metaphosphoric acid 
Material Before treatment After treatment McHenry added to hydrolysing 
with H,S with H,S (atmosphere of H,S) acid 
Asparagus 72 74 61 71 
90 90 82 90 
97 97 92 96 
53 56 40 56 
Broccoli 79 79 62 77 
77 77 62 72 
75 78 63 74 
Potatoes (stored) 14 14 9 11 
14 14 12 13 
Discussion 


Comparison of chemical and biological findings. The excellent agreement between the 
titrations and the biological assays, either as previously recorded or as newly determined 
here, is we believe the best evidence of the reliability of the chemical method. When it is 
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remembered that the activities of these common fruits and vegetables cover an extra- 
ordinarily wide range, from so high a potency as hip berries (=500 mg./100 g.) down to 
so low a figure as plums or pears (2-3 mg./100 g.), and that the chemical and biological 
results run side by side over this wide range, the correspondence becomes even more 
impressive. Results by the electrometric method [Harris et al. 1942] also agree with those 
by the colorimetric method to within 1 or 2%; more significant, however, is the fact that 
further investigations at the Nutritional Laboratory by the method of polarographic 
analysis, depending on a different principle from indophenol titrations, again show a 
complete agreement with the latter [Kodicek & Mapson, 1942]. In practice the chemical 
method has the distinct advantage over the biological method, that, apart from being so 
much more rapid and convenient, it permits relatively small variations in activity to be 
detected. It can also be applied to far smaller specimens, which is a decisive factor in 
studies in plant physiology. 

‘Combined ascorbic acid’ ; dehydroascorbic acid. We have seen that it is important that 
the correct procedure be followed for the chemical test; otherwise errors may arise from 
at least three causes, viz. (1) unrepresentative sampling, (2) incomplete extraction, and 
(3) oxidative destruction of the vitamin. We believe that a failure to take such precautions 
is responsible for the conclusions of that small minority of workers who have contended 
that the ‘reversibly-oxidized’, or the supposed ‘combined’, forms of vitamin C constitute 
an important fraction of the total antiseorbutic activity of common foodstuffs. In par- 
ticular, oxidation by ascorbic oxidases set free during the course of extraction (or by Cu, 
or other agencies) seems to have been responsible for the misleading appearance of ‘com- 
bined ascorbic acid’. The simple explanation is, we believe; that low values were obtained 
by these observers on their raw materials because oxidation was not effectively prevented, 
and higher values after cooking because the oxidative enzymes had been thereby de- 
stroyed. As we have shown, there is internal evidence in the published records of such 
destruction by enzymes having actually occurred, e.g. in the abnormally low figures ad- 
vanced for the ‘free ascorbic acid’ of the raw materials. In our hands, attempts to repeat 
the published observations on ‘combined ascorbic acid’ have been uniformly unsuccessful 
whenever we took adequate precautions to prevent oxidation. At the same time we wish 
to emphasize that we have no intention of disputing the importance or the interest of the 
several papers by McHenry, and others; our interpretation of his results, however, is dif- 
ferent from his own since we believe that the apparent ‘increase on cooking’ is in reality 
an artefact. 

Thus our general findings accord fully with those of van Eekelen [1935], who concluded 
that ‘the apparent increase observed by McHenry and Graham must be attributed to the 
destruction of an oxidase present in some vegetables and not to the liberation of more 
ascorbic acid’, or of Bessey [1939] who writes: 

“Reversibly oxidized ascorbic acid (dehydroascorbic acid) represents an insignificant portion of the total 
biological value of fresh or stored food products. 

‘The titration value of some tissue extracts may be increased by preliminary treatment with hydrogen 
sulphide. Some investigators have interpreted this increase as due to reduction of dehydroascorbic acid. 
There is some doubt as to how much of this increase is due to the reduction of other substances which are 
then included in the titration. The uncertainty of the procedure is also increased by the necessity of com- 
pletely removing the gas because hydrogen sulphide also reduces the indicator. Emmerie and van Eekelen 
recommended the use of mercuric acetate to remove cysteine and ergothioneine, and of thiosulphate followed 
by treatment with hydrogen sulphide. The extra manipulation involved, with uncertainty at every step, 
makes the method at present of doubtful value.’ 


We agree also with Levy [1937], who finds that cooking of vegetables causes a diminution, 
not an increase, in their ascorbic acid, and with Fujita & Ebihara [1938 ; 1939], who take 
the view that the theory of ‘bound ascorbic acid’ lacks proof. If any considerable portion 
of the ascorbic acid in fruits and vegetables is in fact present in some ill-defined ‘bound’ 
or ‘combined’ (e.g. adsorbed) state, it is apparent that the combination must be broken 
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up by the process of extraction used by ourselves and the titration gives an accurate 
indication of the total antiscorbutic activity. 

Interfering substances. Theoretically, any of the following substances can reduce the 
indophenol reagent under appropriate circumstances: ferrous salts, glutathione, cysteine, 
ergothioneine, sulphides, thiosulphates, tannin, glucoreductone, and possibly various sugar 
derivatives. However, it is well known that under the conditions of our test (i.e. pre- 
liminary extraction, acid reaction, rapid titration) glutathione and iron salts do not inter- 
fere. It is also equally obvious from our results that the other substances mentioned in 
this list are either not present in our extracts in the free form, or not in significant 
amounts, or else do not interfere, at any rate for any common fruits or vegetables, or 
fruit or vegetable preparations (including preserved, or dried or processed products).* 

Special products. Although the amount of dehydroascorbic acid. present in fruits and 
vegetables is too small to be of any practical significance in nutrition, further investigation 
may perhaps be merited in the special cases of immature apples [Zilva et al. 1938] and 
mushrooms (vide supra, pp. 175 and 176). In addition, the reducing substances present 
in small amounts in germinated seedlings [ Johnson, 1933, 2; but cf. van Eekelen et al. 1934], 
in malt extracts, and in yeast and fermented juices [ef. Harris, 1933] might repay study. 

‘Apparent biological value’ and true ascorbic acid content. A final point which should 
be emphasized is that in the cases of fibrous or woody vegetable tissues, or indigestible 
animal tissues, the vitamin may be incompletely absorbed by the test guinea-pig, and 
hence the ‘apparent biological value’ is less than the ascorbic acid content as determined 
chemically. An example is tumour tissue. Biological tests were consistently lower than 
the chemical values [Harris, 1933], and later work proved that this was largely, if not 
entirely, due to the inability of the guinea-pig to assimilate completely the untreated 
tissue [Kellie & Zilva, 1936; Musulin e¢ al. 1936; Watson, 1936; Young, 1936; Harris, 
1937]. It is important therefore for biological testing when dealing with such products to 
consider whether the vitamin should first be extracted or the food made digestible before 





it is administered to the animal. 






SUMMARY 





1. Biological comparisons. The agreement between the results obtained by the 
chemical titration method and in biological assays has again been confirmed, in tests 
carried out on fresh potatoes, stored potatoes, freshly gathered black currants, canned 
sieved black currants cooked with sugar, cabbage ‘cooking water’ and dried cabbage 
(materials specially chosen to illustrate supposed objections to the method), and on other 
fruits and vegetables. 

2. Chemical procedure. Since it is necessary that conditions be adhered to strictly, 
detailed working directions are given for the chemical method, emphasis being laid on the 
necessity for the following precautions: representative sampling; complete extraction 
(facilitated by the use of a small specimen); inactivation of oxidases and prevention of 
oxidation ; the titration itself to be rapidly carried out. 


* In the case of animal products (to be discussed in detail in a later paper) interference from the fore- 
mentioned substances seems equally unlikely, certainly so far as concerns the general run of samples likely 
to be encountered in ordinary analytical practice or in biochemical research. The amino-acids mentioned are 
not likely to be present in the free state, except conceivably in autolysed preparations, and fortunately even 
these can be distinguished if necessary by the fact that the reaction between ascorbic acid and the dye is so 
much more rapid, in fact virtually instantaneous; a procedure can be applied depending on the addition of an 
excess of dye and instantaneous measurement of the excess of colour before interference from any non- 
specific reductants begins. Alternatively, in the unlikely event of free cysteine being present, it could if 
desired be measured differentially by the Sullivan reaction, or could be removed together with other inter- 
fering amino-acids before titration. Thiosulphate, present in urine in small amounts, does not interfere with 
the validity of saturation tests for determining the level of nutrition, these depending on an immense increase 
of true ascorbic acid after loading [see Harris, 1940]. In practice biological tests on animal tissues have 
shown close agreement with chemical tests. 
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3. ‘Bound ascorbic acid.’ The alleged increase of ascorbic acid after cooking, supposed 
to represent a release of ‘bound ascorbic acid’, could not be confirmed. Faulty technique 
is held responsible for such an apparent rise : e.g. (1) unduly low values have been recorded 
for the raw materials because of failure to protect against the action of oxidases set free 
on grinding and shredding, and higher values are found after cooking because the enzymes 
are thereby inactivated; or (2) the vitamin is sometimes less readily extracted from raw 
fibrous foods than from the cooked products. The method advocated measures the total 
antiscorbutic activity ; if ascorbic acid exists in any combination it is broken down by the 
extraction process used. 

4. Interfering substances. Interfering substances were not found in measurable quanti- 
ties in any fresh fruits or vegetables, or various processed materials. Large amounts of 
SO, used as preservative, or abnormal contamination with tin, can both be accurately 
differentiated from ascorbic acid, if present. 

5. Dehydroascorbic acid. The quantity of dehydroascorbic acid normally found in 
fruits and vegetables was so small as to be of little or no practical significance. The re- 
latively large amount reported by a small minority of workers is attributed to failure to 
guard against oxidation during the preparation of an extract. 

6. General conclusion. Provided that the specified precautions are taken direct 
titration of the acid extract against 2:6-dichlorophenolindophenol can be recommended 
with confidence for all ordinary routine analyses of plant materials, as giving the total 
antiscorbutic activity. Tables are given showing the close correspondence between the 
chemical and the biological values. 


We are indebted to Miss H. Bruce for an independent assessment of the microscopic 
sections in the biological tests, and for the statistical analysis of their accuracy (p. 168). 
Messrs A. Ward and S. Impey and Miss J. Ginn skilfully assisted in the management of the 
experimental animals. 
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18. Vitamin Methods 


4. A Simple Potentiometric Method for Determining Ascorbic Acid, 
suitable for use with Coloured Extracts 


By Leslie J. Harris, L.W. Mapson and Y. L. Wang, From the Nutritional Laboratory, 
University of Cambridge and Medical Research Council 


(Received 31 December 1941) 


In the preceding paper further evidence was given of the reliability of the chemical test 
for estimating ascorbic acid [Harris & Ray, 1933; Birch et al. 1933], depending on its 
extraction in a strongly ionizing acid in such a manner as to prevent oxidation, followed 
by a rapidly performed titration at a highly acid reaction against ‘Tillmans’s indicator’, 
2:6-dichlorophenolindophenol. As there mentioned, the determination of the end-point 
is more difficult when, as occasionally happens, coloured extracts have to be titrated, e.g. 
from certain deeply pigmented fruits such as black currants. In their original description 
of the procedure, Birch et al. [1933] referred to the use of electrometric measurement as an 
alternative to the usual visual observation of the change in colour of the redox indicator 
at the end-point of the titration. Our aim in this paper is to discuss further the theory of 
the electrochemical reaction, and in particular we describe a potentiometric procedure, 
employing a novel type of electrode, which furnishes a simple and convenient substitute 
for use when the visual method is unsuitable. It circumvents any difficulties due to the 
presence of pigments or turbidity in the extract; the results correspond well with those 
observed colorimetrically, but are even more precise, duplicate determinations on solu- 
tions containing 0-2-0-02 mg./ml. being found to differ by no more than about 0-2-2%, 
ie. the order of accuracy is the same as that normally attaching to the volumetric ap- 
paratus employed, burettes, pipettes, measuring flasks etc. The method has been in use 
for routine determinations in this and other laboratories for the past 2-3 years. 


Previous methods proposed for coloured extracts 


Chloroform method. McHenry & Graham [1935] suggested titration in the presence of 
a layer of chloroform which selectively dissolves any excess of dye but not the interfering 
pigments; by a process of trial and error the end-point could thus be read in the chloro- 
form layer. The technique, however, is tedious and requires considerable experience. 
Moreover, certain interfering pigments, such as those present in strawberries and red 
pepper, are unfortunately soluble in the chloroform. 

Photoelectric method. Bessey [1938] suggested a photoelectric process for estimating 
vitamin C in turbid and coloured solutions, based on the original method of Mindlin & 
Butler [1937] for determining vitamin C in plasma. In this method the decrease in colour 
of 2:6-dichlorophenolindophenol produced by the addition of an amount of vitamin C 
extract insufficient to cause complete reduction of the dye is measured by means of a 
photoelectric colorimeter. The procedure is somewhat laborious as it involves three sepa- 
rate measurements for a single determination. A more serious objection is that the ‘ blank 
coloration’ due to the natural pigment may be a very large fraction of the total colour to 
be measured, so that the percentage error may be considerable. The potentiometric 
method, on the other hand, is concerned with a specific property of the reaction which 
remains unmasked by the presence of fortuitous colours. 

‘ ( 183 ) 
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Electrometric determinations. Following the suggestion of Birch et al. [1933], papers 
describing potentiometric measurements have been published by Becker & di Gleria [1937] 
and by Kirk & Tressler [1939]. Becker & di Gleria used a platinum plate as the measuring 
electrode. An inspection of their titration curves reveals a continuous drift in potential 
throughout the whole course of the titration with the dye, which makes it impossible to 
locate the end-point of the titration with accuracy. Kirk & Tressler [1939] employed a 
bimetallic electrode of platinum and tungsten and measured the change of potential by 
means of a proprietary instrument termed a ‘titrimeter’. Their results are open to the 
same criticism as are those of Becker & di Gleria [1937]. 
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Fig. 1. Flat base and sharp end-point obtained by present method (curve 1), and for comparison the drifting 
potentials and indistinct end-points obtained by methods of Becker & di Gleria (curves 2 and 3) and Kirk 
& Tressler (4). 


Fig. 1 shows the drifting potential and indistinct end-points by these methods as com- 
pared with the stable potential and sharp end-point given by the procedure recommended 
in this paper. The experiencing of these difficulties of unstable potentials and ill-defined 
end-points has probably deterred other workers from making general use of a potentio- 
metric method for estimating ascorbic acid. 


EXPERIMENTAL 


We began our investigation with a bright platinum electrode, using the apparatus shown 
in Fig. 2. 
Preliminary experiments with a bright platinum electrode 

The procedure was briefly as follows. A measured quantity of the extract to be examined 
was placed in tube F. With the electrode and agar bridge in position, and N, or CQ, 
bubbling through the solution at a rapid constant rate, a standardized solution of 2:6- 
dichlorophenolindophenol was added from the burette, 0-1 ml. or more at a time, and the 
reading of the potentiometer taken after each addition. Towards the end-point of the 
titration the dye was added at a slower rate. The results were plotted on a graph, and the 
end-point of the titration was taken as the point of intersection of two tangents, one 
drawn along the line connecting the basal potentials before the end-point and the other 
along the part of steepest rise of potential after the end-point. 
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During the course of the investigation, the following difficulties were encountered : 
(1) the initial potential of the bright platinum electrode in a solution of 5% metaphos- 
phoric acid containing the vitamin was found to depend upon its pre-treatment and might 
vary from 100 to 600 mV. when measured against a saturated calomel half-cell; (2) the 
electrode took a long time to reach a true equilibrium with the solution; (3) there was 
usually a continuous drift of potential during the course of the titration. This last finding 
agrees with the observation of the other workers mentioned above. In view of these 
objections, we considered it better to abandon the use of bright platinum and to search 
for a more suitable electrode. 








H+ 
Potentiometer 


Fig. 2. Apparatus used for potentiometric determination of ascorbic acid. A, saturated-KCI calomel half-cell; 
B, connecting vessel with saturated KCI; C, agar bridge; D, CO, or N, bubbling tube for agitating extract 
during titration; HE, microburette; F, vessel containing extract; G, needle electrode. 





Requirements of a perfect electrode 


An ideal electrode for the purpose would be one that fulfils the following requirements: 
(1) it must give in a metaphosphoric acid extract of the vitamin a reproducible e.m.f. 
which does not change appreciably with each addition of the dye until the end-point of 
titration is reached; (2) it must be capable of attaining equiiibrium with the surrounding 
solution virtually instantaneously ; (3) the intial e.m.f. should be low compared with the 
e.m.f. after the addition of an excess of the dye, so that the end-point can readily be 
determined, and should preferably be controllable ; (4) the response of the electrode to an 
excess of the dye should be prompt and reproducible. 


The Hg-Pt double electrode 


With the above considerations in mind we tried out a number of different electrodes 
including gold, silver and mercury. Gold resembled platinum in showing the continuous 
drift of potential, while mercury gave only a slight response to an excess of the dye 
(10-20 mV.). It was found that an electrode consisting of a bright platinum wire very 
thinly coated electrolytically with mercury answered most of the requirements listed 
above. The e.m.f. of this electrode in a metaphosphoric acid extract of vitamin C can be 
regulated to any desired value within certain limits by the addition of halogen ions, and 
is not changed appreciably with each addition of the dye until the end-point of titration 
is reached, when it responds promptly with a large rise of e.m.f. 
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Preparation of the electrode 


An ordinary bright platinum electrode is cleaned with warm 6N HNO,, followed by 
alcoholic KOH, and rinsed with distilled water. It is plated by being immersed in about 
100 ml. of a 1 % solution of HgCl, for 30-60 sec. with the application of a potential of 1-5 V. 
from a dry battery, the electrode being made the cathode while another platinum electrode 
1-2 cm, distant serves as the anode. After plating it is washed with distilled water and 
is then ready for use. Less satisfactory results were found when other mercury salts were 
used for electroplating (Table 1). 


Table 1. Comparison of different Hg salts tested for use in the electro-plating bath 


Whether electrode 
needs prior 
Concen- Time of Attainment of equilibrium by ‘sensitization’ by 
tration plating electrode in titration soaking in dye 
HgCl, 1% 30-60 sec. Very rapid before end-point, No 
slightly less rapid after end- 
point 
Cyanide (HgO +excess KCN) 1% 10-30 sec. Very slow (10-30 min.) Yes 
HgNO, 1% 20-120 sec. Slow Yes 
Hg,Cl, Saturated <1 min. Drifts (like bright Pt) - 
1-10 min. Rapid No 
>15 min. Slow Yes 
Mercuric acetate 1% <1 min. Drifts (like bright Pt) 
>1 min. Rapid No 


Properties and mode of function of the electrode 


The following are the characteristic properties of the Hg-Pt electrode prepared as 
described above: 

(1) Relation between electrode-potential and halide concentration. In an acid solution 
of vitamin C the potential of the electrode with respect to the solution can be varied within 
certain limits by the addition of halides: the higher the concentration of halogen ions 
the lower the potential. Other ions, including SOy, NO;, Ac , PO;, Ca**, K*, Na*, NH7 
were found to have no significant effect on the potential. The potentials observed in 
different concentrations of halogen ions agree well with the calculated values based on 
the assumption that they depend on the electrode reaction: 2Hg=Hg}* + 2e, which in 
turn depends on the concentration of halogen ions. Table 2 gives the calculated and the 
observed values referring to saturated calomel half-cell as zero. 


Table 2. Observed and calculated potentials with the Hg-Pt electrode 


ml. of saturated KCl ml. of saturated KBr E E 
solution per 10 ml. of solution per 10 ml. of (calculated) (observed) 
5% metaphosphoric acid 5% metaphosphoric acid Normality mV. mV. 
0-10 — 0-046 105 101-106 


0-20 —_— 0-093 86 80-82 
— 0-01 0-0055 59 50-60 
= 0-10 0-055 -1 -—16 
R y 
The calculated values of E are based on the electrode reactions: 2Hg =Hg}* +2e: H=E, + = In [Hgi*]; - 
E,=0-550 V. referred to saturated calomel electrode; [Hg}*][Cl-]*=3-1 x.10-8; [Hgj+][Br7]}? =1-3 x 10-*4. 


The calculated values are not strictly accurate owing to the use of concentrations instead 
of activities in the calculation. However, the errors introduced should not be serious in 
view of the low dilutions of the salt used. 

(2) Comparison of effects of halides. The effectiveness of the different halogen ions in 
lowering the potential of the electrode is of the order: I >Br >Cl . This is to be 
expected from the varying solubility-products of the different mercurous halides: 


(Hg3*) (I7)?=1-2 x 10-*8, (Hgi*) (Br-)?=1-3x 10-1, (Hgi*) (CI-)?=3-1 x 10-8. 
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Iodide ions depress the concentration of Hg}* ions most effectively, so that the potential 
of the electrode in a definite concentration of iodide ions should be more negative than in 
an equal concentration of other halogen ions. However, iodides cannot be used in the 
titration owing to their reaction with the indophenol dye. KCl is easily available in pure 
form and was therefore used throughout the experiments. 

(3) Optimal concentration of halide. The potential of the electrode is independent of 
the hydrogen ion concentration of the surrounding solution between pH 6-5 and 1-4 
(other pH values have not been tried), and of the amount of ascorbic acid present 
(Tables 3, 4). It depends solely on the concentration of halogen ions. In practice we 





Table 3. Lack of correlation between pH and e.m.f. with the Hg-Pt electrode. 
Relation between e.m.f. and concentration of chloride 


Observed e.m.f. in mV. 
Concentration (referred to saturated 


Solution pH of KCl, M calomel electrode) 

Metaphosphoric acid: 5% 1-39 0-0463 +102 
1% 1-83 0-0463 +102 

0-1% 3-63 0-0463 +108 - 
5% 1-39 0-093 + 80 
1% 1-83 0-093 + 79 
0-1% ~ 363 0-093 + 80 
Phosphate buffer, M/10 6-50 0-093 + 78 
Acetic acid, M/1 2-37 0-0463 +103 
Acetate, buffer: M/1 4-50 0-0463 +104 
M/1 5-50 0-0463 +104 


Table 4. Lack of correlation between concentration of ascorbic acid 
and e.m.f. with the Hg-Pt electrode 


Concentration Observed e.m.f. in mV. 
of ascorbic acid Concentration (referred to saturated 
Solution mg./ml. of KCl, M calomel electrode) 
Metaphosphoric acid: 5% Nil 0-0463 +102 
0-004 0-0463 +101 
0-04 0-0463 +100 


0-40 0-0463 +101 





found a concentration of KCl corresponding to 0-1 ml. of saturated KCl in 10 ml. of the 
vitamin extract (or 0-046 N KCl) to be the most satisfactory for the estimation, for reasons 
to be explained later. The electrode in this concentration of KCl gives an e.m.f. of about 
100 mV. when measured against a saturated calomel half-cell. 

(4) End-point. With each addition of the dye during the titration, the e.m.f. remains 
virtually constant until the end-point is reached, and then there follows an abrupt rise of 
potential from 100 mV. to about 310-350 mV. This sharp change of potential makes it 
possible to determine the end-point of the titration with great accuracy. 

(5) Probable mode of action of electrode. Before the end-point is reached the electrode 
behaves in every way like an ordinary mercury electrode, but as soon as an excess of the 
dye is present it becomes entirely different from a mercury electrode which under the 
same condition responds with an increase of only 10-30 mV. This property of the new 
electrode is very similar to that of a platinum electrode, which also registers an e.m.f. of 
310-350 mV. in presence of an excess of the dye. Apparently the electrode functions 
as a double electrode; as a mercury electrode before the end-point, and as a platinum 
electrode after the end-point, when, under the oxidizing’ action of the dye, the thin film 
of mercury on the electrode is converted into Hg;*. This explanation is supported by the 
following experimental facts: (a) if the coating of mercury is made heavy by electrolysing 
in a solution of a mercury salt which is more highly ionized than mercuric chloride, e.g. 
mercurous nitrate, or by more prolonged electrolysis in a solution of HgCl,, then the 





. 
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response of the electrode to an excess of the dye becomes very sluggish, at first rising 
only 10-30 mV. like a mercury electrode, and only after being immersed in the dye 
for several minutes (‘sensitization’) does its potential rise to 310-350 mV.; (b) if the 
concentration of halogen ions in the extract to be titrated is increased, the electrode 
becomes less and less sensitive to an excess of the dye just like the heavily plated 
electrode. The obvious explanation is that the high concentration of halogen ions 
reverses the forward reaction of 2Hg=Hg}*, preventing the conversion of mercury into 
mercurous chloride. It is for this reason that we choose to use a low concentration of KCl] 
(i.e. about 0-046 NV, equivalent to 0-1 ml. of saturated KCl in 10 ml. of extract). 

(6) Life of electrode. The electrode can be used for several consecutive titrations 
without the need of replating. It seems that the reaction 2Hg > Hg}* which takes place 
on the surface of the electrode is readily reversible, being reversed in a reducing medium 
and displaced forward in the presence of excess of an oxidizing agent. 


Detailed working procedure 


Electrode. Prepare an electrode according to the directions given above. The Pt wire 
should protrude about 1 cm. below the seal, which should be made of cobalt glass. The 
electrode may generally be used a number of times during a day’s work without replating. 
The electrode should be replated at the start of each day’s work. 

In place of the HgCl, bath, a 1% solution of mercuric acetate or a saturated solution of calomel may also 
be used, but these are not recommended as the time of electrolysis has then to be prolonged to about 5 min. 
(a shorter time causes these electrodes to behave like a bright Pt electrode, while with a longer time they do 
not respond adequately at the end-point unless previously ‘sensitized’ by contact with excess of dye: ef. 
Table 1). 

Standard solution of 2:6-dichlorophenolindophenol. Dissolve 40 mg. of the dye in 40 ml. 
of hot boiled distilled water and filter. Cool to room temperature, add KCl to make a 
final concentration of 0-046 NV, and make up to 50 ml. Standardize by direct titration 
against a solution of pure ascorbic acid of known strength. Check the latter by iodine 
titration. One ml. of the dye solution should be equivalent to 0-4 mg. of ascorbic acid. 

Preparation of extract. Weigh out 5-10 g. of the specimen to be analysed (10 g. for a 
material of low, and 5 g. for one of high, potency), and cover it with 5% metaphosphoric 
acid in a mortar. Add about 2-4 g. of acid-washed sand and grind the material to a fine 
pulp. Centrifuge and wash the residue twice with 10-15 ml. of the acid. Combine the 
clear centrifugates and make up to 50 ml. or more depending on the concentration of the 
vitamin. A suitable dilution is about 4 mg. of ascorbic acid per 100 ml., so that 10 ml. of 
extract will require 1-2 ml. of the standard dye solution. The use of less than 0-5 ml. or 
more than 4 ml. of the latter is not recommended. For further recommendations regarding 
sampling and extracting see Harris & Olliver [1942]. 

Titration. Measure by pipette 10 ml. of the extract into tube F (see Fig. 2) and add 
0-1 ml. of a saturated solution of KCl, so that the final concentration of the latter is about 
0-046 NV. With the electrode and agar bridge in position, pass a stream of N, or CO, into 
the solution at a rapid, constant rate. After about 30 sec. take the reading of the e.m.f. 
Add from a burette 0-01 ml. or more of the dye and take the reading again after 15 sec. 
Proceed in this way until the end-point is reached as indicated by a sharp rise of e.m-f. 
At this part of the curve, wait for 45-60 sec. before taking each reading. Carry on the 
titration a little beyond the end-point until the e.m.f. shows little further change with 
each addition of the dye, i.e. the curve begins to flatten out once again. It is advisable 
to run a preliminary rapid titration first in order to ascertain the approximate amount 
of the dye needed and then do a more careful titration. In this second titration, run in the 
dye rapidly to within 0-1 ml. of the volume required according to the preliminary finding, 
and then add slowly 0-02-0-03 ml. at a time, till the exact end-point is reached, again 
waiting 45-60 sec. before taking each reading on the rising part of the curve. 
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Calculation of result. Plot the results on a graph with the e.m.f. as ordinate and the 
volume of dye added as abscissa, and draw a smooth curve through all the points. 
Draw two tangents; one along the base line (which should be around 100-120 mV. for 
solutions of pure ascorbic acid and a little lower for some natural extracts), and the other 
along the steepest part of the rising e.m.f., as illustrated in Fig. 3. The end-point is taken 
as the point of intersection of the two tangents. 
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Fig. 3. Potentiometric titration curve for pure ascorbic acid, showing method of determining end-point. 


Fig. 4. Potentiometric estimation of ascorbic acid in black-currant preparations. 


Typical results 


Fig. 3 shows curves obtained with pure ascorbic acid, and Figs. 4 and 5 with various 
fruits and vegetables etc. 


Reproducibility and accuracy of the results 


Table 5 illustrates the reproducibility of the results in a number of repeated determina- 
tions on specimens of pure ascorbic acid. The coefficient of variation is not more than 
about 1% for a solution containing 0-05 mg. of ascorbic acid per ml., or 0-1% for one 
containing 0-16 mg./ml. 

As with all volumetric operations, the percentage accuracy of the method increases 
with increasing concentrations of the unknown and the reagent, the ‘water blank’ being 
then relatively less. This is illustrated in-Fig. 6, the more steeply ascending curves given 
by the stronger solutions fixing the end-point more precisely. If the amount of unknown 
available is small it is better to make the extract as concentrated as possible and titrate 
with a small amount of dye from a microburette rather than to dilute the dye and use a 


macroburette. 
Comparison with direct visual titration 


As will be seen from Table 6, the values obtained by the potentiometric method on a 
number of fruit and vegetable extracts agree very well with those obtained by the direct 
visual technique [Harris & Ray, 1933; Birch et al. 1933]. 
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Advantages of potentiometric method 


Theoretically, the potentiometric method should give more accurate results than any 
visual titration method because the former method records the true end-point of the 
reaction, while the latter requires a small excess of the dye to indicate the completion 
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Fig. 5. Typical determinations on plant and vegetable extracts, Hg-Pt electrode. 


of the titration. That such is the case is supported by the fact that perceptibly higher 
values were obtained in many instances with the visual method (especially with the less 
accurate ‘chloroform’ technique), although the difference was usually very small. Another 
reason why the potentiometric value is, if anything, more accurate is that the end-point 
is derived as the mean of a series of readings taken during the whole course of the titration, 
both before and after the end-point ; whereas in the visual method there is a single reading 
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only at the end-point. Again, the potentiometric method is not influenced by the sub- 
jective factor involved in detecting a colour change. 

To sum up, the potentiometric method has the following advantages: (1) applicability 
to highly coloured extracts, (2) increased sensitiveness, (3) greater objectivity. 


80 





Dye added, ml. 
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0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 1-0 Lei 1-2 13 1-4 15 16 17 1-3 1-9 2-0 2-1 2-2 23 2-4 2-5 2-6 2-7 2-8 2-9 3-0 


Fig. 6. Titration of strong, medium and weak solutions of ascorbic acid, showing effect on accuracy of 
locating the end-point. Curve 1=1 mg. of ascorbic acid dissolved in 10 ml.; Curve 2=1 mg. of ascorbic 
acid dissolved in 100 ml.; Curve 3=1 mg. of ascorbic acid dissolved in 250 m.. 


Table 5. Reproducibility and accuracy of results 


(A) 0-25 mg. ascorbic acid to 10 ml. solution. 


1 ml. of dye =0-49 mg. ascorbic acid 


Vol. of dye required in Corresponding wt. of 


(B) 1-60 mg. ascorbic acid in 10 ml. solution. 
1 ml. of dye =0-52 mg. ascorbic acid 


Vol. of dye required in Corresponding wt. of 


Exp. duplicate titrations ascorbic acid found Exp. duplicate titrations 
ml. mg. ml. 

1 0-52 0-255 1 3-095 
2 0-51 0-250 2 3-090 
3 0-515 0-252 3 3-090 
4 0-51 0-250 t 3-090 
5 0-51 0-250 5 3-092 
6 0-51 0-250 6 3-096 
Mean 0-251 

Standard deviation 0-002 

Coefficient of variation 0-8% 


ascorbic acid found 


mg. 
1-609 
1-607 
1-607 
1-607 
1-608 
1-610 
1-608 
0-0013 
0-08 % 





Table 6. Ascorbic acid in various fruits and vegetables as determined by 
visual and potentiometric methods (Hg-Pt electrode) 


Ascorbic acid, 


mg./100 g. 
Electro- 
Visual metric 
Cabbage: savoy (1) 66-1 66-5 
savoy (2) 73-6 73-9 
Winningstadt (1) 73-0 74-0 
Winningstadt (2) 60-6 60-0 
Grass 87-0 85-0 
Orange juice 51:3 51-0 
Mixed vegetables 12-1 12-0 
Black currants, raw. Pulp pre- 98* 97 
served 6 months with sulphite 
Black currants, cooked. Pulp pre- 113-5* 112 
served 6 months with sulphite 
Raspberries, raw. Pulp preserved i 7-7 


6 months with sulphite 


Raspberries, cooked. Pulp pre- 

served 6 months with sulphite 
Black currant purée: (1) 

(2) 
Strawberry jam 
Rose hips 
Brussels sprouts 
Kale: marrow stem 
thousand headed 

Turnip tops 
Cabbage, winter 


* By the ‘chloroform’ method. 


Ascorbic acid, 
mg./100 g. 


Electro- 
Visual metric 


15-9* 16-2 


80-1* 78-7 

79-9* 78-9 

5-7* 5-6 
423 430 
86-5 85 
180 176 
140 138 
109 108 
57 56 
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Winter cabbage 


O-1' 0-2 0-3 0-4 0°5 06 O°7 0-8 0-9 
Dye added, ml. 


Fig. 7. Curve illustrating the slightly delayed equilibrium after end-point, with Hg-Pt electrode. A =reading 
after 5 sec.; B=reading after 1 min.; e =values established almost instantaneously. 
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Fig. 8. Variable and drifting potential as given by ordinary bright Pt electrode. 
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Limitation of the electrode. Perhaps the only defect of the Pt-Hg electrode is the slight 
sluggishness at the end-point where the e.m.f. change is most rapid. Although its response 
to an excess of the dye is very prompt, the e.m.f. does not immediately come to a steady 


value, but usually takes 1-2 min. to reach its maximum value (Fig. 7). However, 


as the 


Table 7.- Ascorbic acid in various materials as determined by the visual and the 


alternative potentiometric methods (polarized bright Pt electrode) 


* By ‘Chloroform’ method. 


Table 8. Estimation of ascorbic acid in presence of cysteine 


Ascorbic acid found, mg. 





ee ge ee 

(a) Se Se sae 
Solution of ascorbic acid 

Solution of ascorbic acid plus cysteine, 0-5 mg. 


Method of titration 0-5 mg./ml. of each in 1 ml. 
Potentiometric, normal procedure: 

Titration completed in 2 min. 0-502 0-510 
0-500 0-506 
0-520 0-522 
ji 0-500 0-506 
Potentiometric, titration completed 3-5 min. 0-500 0-512 
Potentiometric, titration completed in 10 min. 0-500 0-541 
Visual, titration completed in 30-60 sec. 0-520 0-525 


Biochem, 1942, 36 


Ascorbic acid Ascorbic + dehydroascorbic acids 
Material mg./100 g. mg./100 g. 
a KL $$$ 
m Visual Electrometric Visual Electrometric 
Cabbage: (1) 54-0 53-0 54-2 53-5 
(2) 72-2 72-3 74:3 73-7 
cooked 12-9 13-0 12-9 13-1 
dried 42-5 41-9 42-0 42-1 
Peas: raw (1) 24-6 23-9 24-9 24-0 
raw (2) 35-5 35-2 35-7 35-6 
blanched 13-5 13-7 13-4 -13-8 
frozen after blanching 11-6 11:8 11-8 11-7 
Spinach: raw 41-5 41-4 41-2 41-5 
dried 13-9 13-4 14-1 13-7 
Lettuce: fresh (1) 27-0 26-2 — — 
(2) 13-4 13-1 — _ 
Cauliflower: flower 116 114 _— —r 
leaves 192 « 190 — = 
Beans, dwarf 20-4 22-0 — _— 
Orange juice (1) 41 42 — = 
(2) 63 61 — = 
Lemon juice 34 33 — —— 
Grapefruit juice 50 49-2 — ae 
Strawberry juice 60* 57 — — 
Strawberry juice, canned 15-0* 14-4 — _ 
Raspberry: fresh (1) 40-5* 40 —_ — 
fresh (2) 44-0* 44-1 _ = 
cooked 34-5* 34-0 — = 
Tomatoes 15-6 15-0 — a 
Black currant: fresh 183* 174 184 173 
cooked 153* 147 _ — 
purée 84-0* 82-8 _— — 
Plums 2-64* 2-67 — — 
Red currant, stewed 26-0* 25-3 —_ — 
Black currant juice concentrated 416* 408 — — 
Black currant juice concentrated 135* 130 —_ —e 
Liver, rat: (1) 15-9 16-3 _ _— 
(2) 22-0 21-7 — _ 
Kidney, rat 12-5 12-1 — — 
Suprarenals, rat 30-7 29-6 -— _ 


/O 
error 


+1-6 
+1-2 
+0-4 
+1-2 
+2-4 
+8-2 
+1-0 
13 
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potential change after 1 min. following the addition of the dye is small in comparison 
with the change during the first few seconds, readings can be taken at 45-60 sec. without 
causing any appreciable error in the final result. 


Alternative electrode for use with high concentrations of interfering reducing substances 


When the concentration of interfering reducing substances is unusually high in com- 
parison with the amount of ascorbic acid present, as in liver and kidney, the slight 
sluggishness at the end-point does constitute a 
serious disadvantage owing to the slow oxidation 
of the interfering substances during the minute of 
waiting. 

When working with such materials, we have 
found it preferable to rely on a modified use of 
the bright platinum electrode, which, in spite of 
its many disadvantages, does give a very quick 
response at the end-point. To avoid the drifting 
of potential in the preliminary phase of titration 
(Fig. 8), the contact key is tapped two or three 
times after each addition of the dye so as to 
polarize the electrode. In this way, the initial 
e.m.f. can be kept more or less constant until the 
end-point is reached, when in the presence of 
excess of the redox dye, the electrode is no longer 
polarizable and establishes an equilibrium im- 
mediately with the solution. The initial potential 
of the electrode is kept low by treating the electrode, 
before use, with alcoholic KOH or alkaline pyro- aor os ess 
gallate after the cleaning with HNO,. This step is - 
necessary as otherwise the e.m.f. might be too By? SOG, 
high and the change at the end-point scarcely Fig. 9. Comparison of curves with Hg-Pt 
noticeable. It is understood, of course, that in  “lectrode (below) and the alternative, 

; ; é 7 ’ ‘polarized’ bright Pt electrode (above). 
using the platinum electrode in this way, the Cabbage extract. 
initial potentials are not true equilibrium values. 

However, this does not influence the results appreciably so long as the initial e.m-f. is kept 
low. Table 7 gives some of the results obtained by this alternative electrometric method. 
A typical curve with the ‘polarized’ bright-platinum electrode is shown in Fig. 9. 

Determinations in presence of cysteine, glutathione etc. In order to submit the method 
to as stringent a test as possible we have made some titrations on artificially prepared 
extracts containing as much as one part of cysteine to one of ascorbic acid. Even at such 
high concentrations the interference from cysteine was negligible provided that the titra- 
tion was completed within 1-14 min. (Table 8), following the usual procedure of one or 
two preliminary trial runs. Actually, however, free cysteine is not present in significant 
amounts in any but autolysed or hydrolysed protein-rich material, and is unlikely to 
cause trouble in practice. 

Since the titration is carried out at a strongly acid reaction interference from gluta- 
thione is virtually eliminated, even if present in large excess. 

Thiosulphate in urine is one of the few remaining substances known to occur in nature 
which has to be considered. However, as pointed out in the preceding paper [Harris & 
Olliver, 1942] it does not affect the validity of the ‘saturation’ test used for establishing 
the level of nutrition, the amount of thiosulphate being negligible compared with the 
greatly increased excretion of ascorbic acid after the large test doses. 
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To sum up, there is no evidence of interference with any ordinary fruit or vegetable 
product, and the Hg-Pt electrode can be used with confidence. If with an animal product 
a slowly falling potential on the rising part of the curve gives indication of interference 
from some non-specific more slowly reducing substance, the ‘polarized’ bright Pt elec- 
trode can be substituted. 

Estimations in presence of SO, 


The potentiometric method finds a useful application in the estimation of ascorbic acid in 
deeply coloured ‘sulphited’ fruit pulps. The simplest procedure for removing the SO, is 
by addition of acetone. To 4 ml. of extract add 1 ml. of acetone, and perform the titration 
in the usual way, preferably with the Hg-Pt electrode. An alternative and equally 
effective method is to eliminate the SO, by a stream of O,-free N,, while a vacuum is 
applied. Details of control tests with the ‘acetone’ and ‘de-gassing’ methods are given 
in the following paper [Mapson, 1942]. 


Measurement of dehydroascorbic acid 


The amount of dehydroascorbic acid ordinarily present in natural products is too small 
to be of practical significance. If, however, it should be desired to estimate it, titrations 
can be done, first, on the extract as usual, and, second, on the extract after treatment 
with H,S (for details of procedure see Harris & Olliver [1942]). The difference gives the 
dehydroascorbic acid. 


SUMMARY 


1. A potentiometric method suitable for the estimation of vitamin C in coloured 
extracts is described. ; g 

2. The method involves the use of a special Hg-Pt double electrode, consisting of a 
mercury-coated Pt wire. 

3. An explanation is given of the probable mode of function of the electrode. 

4. The method has given good results with vegetable and fruit extracts, coloured or 
uncoloured. 

5. Comparisons with the direct visual titration method of Harris and Ray have shown 
agreements to within 1-2%. In control tests ascorbic acid could be recovered with an 
error of less than 0-5-2 % at concentrations of 0-20-02 mg./ml. respectively. 

6. An alternative electrometric procedure is also described for estimating vitamin C in 
the presence of high concentrations of interfering reducing substances; it involves the use 
of a polarized bright Pt electrode. 
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19. Vitamin Methods 


5. A Note on the Determination of Ascorbic Acid in Fruits and Vegetables 
in the Presence of SO, 


By Leslie William Mapson, from the Nutritional Laboratory, University of Cambridge 
and Medical Research Council 


(Received 31 December 1941) 


Sulphur dioxide is extensively used for preserving fruits, fruit juices and fruit pulps. 
Since it reduces 2:6-dichlorophenolindophenol almost instantaneously, it is impossible to 
determine ascorbic acid in the treated products unless special precautions are adopted. 
Two simple procedures for overcoming this difficulty are described in the present com- 
munication. 

The two methods are, in principle, as follows: (1) An extract of the material in 5% 
metaphosphoric acid is subjected to exhaustion in vacuo to remove the SO,. (2) Acetone 
is added to form the acetone-bisulphite complex, which neither reduces the dye itself nor 
interferes with the reduction of the dye by ascorbic acid. Both methods are relatively 
simple to carry out and yield reliable results if certain precautions are observed. 


EXPERIMENTAL 
In all the experiments reported below SO, was added in the form of NaHSO,; frequently 


in commercial practice metabisulphite is used, but control experiments have shown that 
it is immaterial whether the SO, is added as sulphite, bisulphite or metabisulphite. The 
ascorbic acid was estimated either by the direct visual method of Birch e¢ al. [1933], or 
electrometrically by the method of Harris et al. [1942]. 

A 5% solution of metaphosphoric acid was used to extract the material according to 
the method described in greater detail by Harris & Olliver [1942] and Harris et al. [1942]. 


Method I 


The 5% metaphosphoric acid extract of the sulphited tissue is placed in the ‘vacuum 
apparatus shown by Harris & Olliver [1942, Fig. 1] and the SO, is eliminated by evacu- 
ating it for 30-40 min. to remove O,; the solution is agitated before evacuation by a stream 
of O,-free N,, and during evacuation to facilitate boiling. The SO, which interferes with 
the titration of ascorbic acid by the indophenol dye is thereby removed. It is not claimed 
that complete removal of the SO, is effected, but any reduction of the dye due to residual 
SO, is so small as to be well within the limits of experimental error of the indophenol 
method of estimation of ascorbic acid in natural products. 


Method II 


This method depends upon the formation of the bisulphite compound of SO, with acetone, 
in acid solution. To the 5% metaphosphoric acid extract of the tissue, acetone is added to 
a concentration of 20%,* and the resultant solution is titrated against the dye in the 
usual manner, save that the titration should not be completed in less than 40 sec. 


* When acetone in a. concentration of 20% is added to a 5% metaphosphoric acid solution there is a slight 
decrease in volume. In practice, to 20 ml. of the unknown solution 5 ml. of acetone are added and volume 
after mixing is made up to 25 ml. in a graduated flask. 
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The ideal time for completion is between 45 and 60 sec. If completed too rapidly low 
results are obtained, if completed too slowly high results are obtained. The explanation 
of these phenomena is given below. 

Influence of acetone on the rate of reaction between ascorbic acid and indophenol. In 
aqueous solution pure ascorbic acid, if added in excess, reduces 2:6-dichlorophenol- 
indophenol at pH values below 4-0 virtually instantaneously. The lower half of Fig. 1 
shows the time in seconds required for a solution of ascorbic acid to reduce an equivalent 
amount of the dye at different pH values 
in aqueous and in 20% acetone solutions. 
Acetone in a concentration of 20 % causes a aaa 
significant reduction in the rate of the reac- 5% metaphosphoric acid 


solution and acetone (20%) 


10,000 
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tion. In view of this finding it wasof interest = =: 
to determine how rapidly it was necessary 3 Reduced glutathione Ey 
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to complete the titration in order to deter- 3 “n- ‘ 
mine ascorbic acid in solutions containing 8 1000 + 
acetone. # Phowperc aid soltion 
Table 1 shows some typical results ob- 5 Sa 
tained with solutions of ascorbic acid in 2% os et 
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water and 20% acetone. x g phosphoric acid solution 
The lower value obtained in the presence 2 - 
of acetone, when the titration is done too 28 lee . 
rapidly, viz. 20 sec. or less, is due to the sé ae ee 
slower rate of reduction of the dye, and for 2 = z 
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this reason it is inadvisable, as already 5x 
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indicated, to complete an acetone titration & 
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Acetone retards this fading, and no error §& gaat J 
- : : . : ° 
results from this cause if the titration is ¢ o—— Ascorbic acid in 5% mete 7’ 
2 phosphoric acid solution 


completed within 1 min. 


and acetone (20%) _/ Ascorbic acid in 





An alternative procedure is that in which faa” 
the dye is run from a burette into an aliquot I 
of the unknown as in Tillmans’ method of = a ee a ee ee 
titration. With this procedure the rate of pH 


titration of the ascorbic acid in acetone- Fig. 1. The influence of acetone on the rate of 
water solution is without much influence on eduction of 2:6-dichlorophenolindophenol by 
a ascorbic acid, cysteine and reduced glutathione. 

the result, provided that the end-point .is 
taken as that at which a faint pink colour persists for 15 sec. ; this is evident from Table 2. 
However, in the author’s experience, whilst the first appearance of a faint pink colour 
is easily detected when the dye is titrated against a fixed amount of a pure solution 
of ascorbic acid, the end-point is much more difficult to detect when extracts from 
biological tissues are to be tested. This is especially true when such extracts are slightly 
coloured. For this reason, despite the precautions necessary for completing the acetone 
titration within a time limit, this method of titrating unknown against a fixed amount 
of dye is preferred. These objections to the former procedure do not, however, apply 
to the electrometric method of titration [Harris e¢ al. 1942] in which the end-point is 
determined by a change in e.m.f., not in colour. In actual practice the electrometric 
method yields excellent results with the acetone procedure described above. 

Accuracy of methods. In Table 3 are given four examples illustrating the accuracy of 
the method. In all cases the acetone titrations were completed within 45-60 sec., the 
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Table 1. Effect of acetone on rate of reduction of dye by 
ascorbic acid (ascorbic acid added to dye) 


Ascorbic acid 
mg./ml. as found 
Ascorbic acid in by titration 
Time for completion solution used (av. of duplicate 
of titration mg./ml. Description of solution titrations) 
20-25 sec. 0-05 Ascorbic acid in 5% metaphosphoric acid 0-050 
40-60 sec. 0-05 "a a . iy 0-0505 
1 min. 40 sec.—2 min. 0-05 so a Ps se 0-0535 
20-25 sec. 0-05 Ascorbic acid in 5% metaphosphoric acid 0-0483 
2 +acetone 20% 
40-60 sec. 0-05 “ a a a 0-050 
1 min. 40 sec.—2 min. 0-05 os os °° “ 0-052 
20-25 sec. 0-04 Ascorbic acid in 5% metaphosphoric acid 0-040 
40-60 sec. 0-04 e = + ee 0-0404 
1 min. 40 sec.—2 min. 0-04 os i a = 0-0415 
20-25 sec. 0-04 Ascorbic acid in 5% metaphosphoric acid 0-0375 
+acetone 20% 
40-60 sec. 0-04 9% os * 3. 4 0-0402 
1 min. 40 sec.—2 min. 0-04 = me * es 0-0405 
20-25 sec. 0-03 Ascorbic acid in 5% metaphosphoric acid 0-030 
40-60 sec. 0-03 “A e ae ms 0-0302 
1 min. 40 sec.—2 min. 0-03 a oe z a 0:0317 
20-25 sec. 0-03 Ascorbic acid in 5% metaphosphoric acid 0-0285 
+acetone 20% 
40-60 sec. 0-03 a os 0-0304 
1 min. 40 sec.—2 min. 0-03 %» ” 0-0313 


Table 2. Effect of acetone on rate of reduction of dye by ascorbic acid 
(dye added to ascorbic acid) 


Ascorbic Ascorbic acid 
acid in mg./ml. as found 
Time for solution by titration 
Method of completion used (av. of duplicate 
titration of titration mg./ml. Description of solution titrations) 
Visual titration 30 sec. 0-50 Ascorbic acid in 5 % metaphosphoric acid 0-50 
(modified Till- 1 min. 0-50 ie - os “a 0-50 
mans’ proce- 
dure) 
30 sec. 0-50 Ascorbic acid in 5% metaphosphoric acid 0-50 
+acetone 20% 
1 min. 0-50 is a es - 0-50 
35 sec. 0-20 Ascorbic acid in 5% metaphosphoric acid 0-201 
2 min. 10 sec. 0-20 . = es mm a 0-202 
35 sec. 0-20 Ascorbic acid in 5% metaphosphoric acid 0-203 
+acetone 20% 
2 min. 10 see. 0-20 i sa e a 0-201 


Electrometric — 0-20 Ascorbic acid in 5% metaphosphoric acid 0-2009 
titration -— 0-20 Ascorbic acid in 5% metaphosphoric acid 0-200 
+acetone 20% 


concentration of acetone in the solution being 20°. The pH of the solution was approxi- 
mately 1-5-2-0, a value which is favourable for the formation of the bisulphite compound. 
The ascorbic acid solutions to which bisulphite had been added were mixed with the 
required amount of acetone and allowed to stand 5-15 min. before titration. This delay is 
not however necessary, for if the solutions are titrated within 3-4 min. after the addition 
of acetone, the same result is obtained, within the limit of experimental error. 
The results given in Table 3 indicate that even when the concentration of SO, is nearly . 

40 times greater than that of ascorbic acid, the presence of 20 % acetone allows the ascorbic 
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acid to be estimated with an accuracy within the usual limits of experimental error of the 
indophenol method. Equally good results are obtainable with the alternative ‘evacua- 
tion’ method. ; 

Table 3. Estimation of ascorbic acid in presence of SO, 


Ascorbic acid SO, added Ascorbic acid as 
added to solution to solution found by titration 
Exp. mg./ml. mg./ml. Treatment - mg./ml. 
SO, added as 0-080 _— —_. z 0-0803 
NaHSO, 0-080 0-32 20% acetone added 0-0804 
0-080 0-32 Evacuation on pump 00798 
in N, for 30 min. 
0-080 0-32 _— * 0-162* 
0-040 -- —_ 0-0405 
0-040 0-64 20% acetone added 0-0403 
0-040 0-64 Evacuation on pump 0-0409 
in N, for 30 min. 
0-040 0-64 —_— 0-179* 
0-040 _- — 0-0401 
0-040 1-52 20% acetone added 0-0404 
0-040 1-52 Evacuation on pump 0-0404 
in N, for 30 min. 
0-040 1-52 —_ 0-605* 
SO, added as 0-040 —_ — 0-0402 
Na,8,0, 0-040 1-28 20% acetone added 0-0401 
0-040 1-28 — 0-32* 


All acetone titrations completed in 45-60 sec., SO, added as bisulphite or metabisuiphite. 
* Apparent ascorbic acid values of solution. 


An indication of the limits of concentration of SO, in the final extract for titration 


within which it is possible to estimate ascorbic acid with accuracy, using the acetone 
method, is shown in Table 4. When the concentration of SO, is as high as 3-7 mg./ml. 


Table 4. Limits of ‘acetone’ method for removing influence of SO, 


Ascorbic acid SO, mg./ml. added as Ascorbic acid as found 
added to solution NaHSO, to solution by titration 

mg./ml. before titration Treatment mg./ml. 
0-03 _ _ 0-0301 7 

0-0300 

0-0304 

0-9 20% acetone titration 0-0300 

i Oa as 0-0302 

1-44 = a a 0-0299 

a eo -ie 0-0301 

2-3 * 9 » 0-0317 

” ” ” 0-0320 

3-7 s ‘s i 0-0357 

0-0350 


the error becomes serious. This concentration in the final extract is certainly never likely 
to be met with in determinations of ascorbic acid in foodstuffs in analytical practice, for 
even if SO, is present in this concentration in the original foodstuff, which is equivalent 
to 3700 parts of SO, per million, during the grinding and extraction of the food with 5% 
metaphosphoric acid before titration, the concentration of the SO, will be considerably 
reduced by the action of the acid and by the dilution. 

If, however, there is need to estimate ascorbic acid in the presence ‘of a very high 
concentration of SO,, most of the SO, can be taken off under the vacuum very quickly, 
as in the first method outlined in this paper, and the resulting liquid can then be diluted 
with acetone to immobilize any trace of SO, remaining. By combining both procedures 
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it is possible to estimate ascorbic acid by indophenol titration 1 in any solution, no matter 
how much SO, it contained originally. 

Of the two methods, that employing acetone is quicker and more convenient to use, 
and for these reasons is preferred by the writer. 


Estimation of ascorbic acid in sulphited pulps 


Table 5 gives some examples of biological materials examined. In all cases the SO, was 
added to a weighed amount of the fruit juice or pulp in the form of bisulphite and the 
acid extract prepared in the usual way. The amount of ascorbic acid was then estimated 


Table 5. Results with sulphited foods 


SO, added : Ascorbic acid as 
Material B as NaHSO, Treatment found by titration 
mg./g. mg./g. 
Black currant purée oo aa 0-77 
1-5 20% acetone added 0-77 


mg./ml. mg./ml. 
Orange juice (dil.) — — 0-106 
0-64 20% acetone added 0-107 
0-64 Evacuated on pump 0-1065 
in N, for 30 min. 
Orange juice — = 0-407 
0-64 20% acetone added 0-402 
0-64 Evacuated on pump 0-406 
in N, for 30 min. 
Cabbage, 4% metaphosphoric — — 0-0895 
extract 0-64 20% acetone added 0-0900 
0-64 Evacuated on pump 0-0894 
in N, for 30 min. 


: mg./g. 
Raw black currants 1-74 
176} av. 1-78 
1-86 
Evacuated on pump 1-81 
in N, for 30 min. 
Cooked black currants ° -- an i 
1-56) * 
Evacuated on pump 1-56 
in N, for 30 min. 
Raw raspberries — 0-405 
; 0-44 } , 
Evacuated on pump 0-43 
in N, for 30 min. 
Cooked raspberries — 0-355 
f 20% acetone added 0-345 
Evacuated on pump 0-347 
in N, for 30 min. . 
Plum pulp, Victorias (canned) — 0-0413 
“52 20% acetone added 0-0416 
Evacuated on pump 0-041) 
in N, for 30 min. 


mg./ml. mg./ml. 


Plum juice, Victorias (canned) — — 0-0500 
1-5 20% acetone added 0-0502 


after (a) addition of acetone to, or (6) after evacuation of, the metaphosphoric acid extract 
of the pulp. Here again the results obtained indicate that the accuracy with which the 
ascorbic acid can be estimated is well within the general limits of accuracy of the method. 

The influence of non-specific reducing substances. As already mentioned, acetone in a 
concentration of 20%, causes a reduction in the rate at which the indophenol dye is re- 





ter 


se, 


yas 
she 
ed 








VITAMIN C ASSAY IN PRESENCE OF SO, 201 


duced by ascorbic acid. Ascorbic acid is not, however, the only substance in biological 
materials which reduces the dye. Cysteine, glutathione and ergothioneine are the chief 
organic constituents of tissues which will reduce the dye. The two latter, however, to a 
less extent than the first, reduce the dye so much more slowly in acid solutions than 
does ascorbic acid itself that interference by them, unless in very high concentrations, 


Table 6. Estimations in presence of cysteine and glutathione 


Ascorbic acid mg./ml. 


Ascorbic acid Cysteine as found by titration 
solution added (av. of duplicate 
mg./ml. mg./ml. Description of solution titrations) 
0-0325 — Ascorbic acid in 5% metaphosphoric acid 0-0326 

0-0320 a ‘ % = 0-0330 
0-0320 Ascorbic acid in 5% metaphosphoric acid 0-0328 

+acetone 20% 
0-0310 A i ao tn KO A . 0-0310 
— scorbic acid in 5% metaphosphoric acid {0-0310 
0-0314 
0-03 ” ” ” ” {0906 
0-03 Ascorbic acid in 5% metaphosphoric acid {0-0314 
+acetone 20% 10-0306 

Reduced gluta- 
thione added 
mg./ml. 

0-0310 -- Ascorbic acid in 5% metaphosphoric acid 0-0310 
0-03 0-0314 
0-03 Ascorbic acid in 5 % metaphosphoric acid 0-0310 

+acetone 20% 
0-0350 — Ascorbic acid in 5% ‘aieatnatits acid 0-0352 
0-0350 ” ” ” ” 0-0354 
0-0350 Ascorbic acid in 5% metaphosphoric acid 0-0349 

9 


+acetone 20% 


is of little or no practical significance. Fig. 1 shows the influence of acetone on the rate 
at which the dye is decolorized by solutions of cysteine and glutathione in water and in 
20% acetone. From this the following conclusions are clear: (1) The presence of acetone 
in the solution at all pH values either decreases the rate at which the dye is decolorized 
by cysteine or glutathione or does not appreciably affect it. (2) Even with acetone the 
time for completion of the reaction in acid solutions (pH 2-0) is some 50 times more rapid 
with ascorbic acid than with equal concentrations of cysteine or glutathione. As already 
shown [Harris et al. 1942] this great difference in rate leads to an error of only 1% when 
cysteine is present in a concentration equal to that of ascorbic acid. 

An actual determination of the error involved in estimating ascorbic acid in the 
presence of acetone in which cysteine or glutathione are present is shown in Table 6. 
From this it will be seen that the error (<1%%) is no greater than when the titration is 
carried out in an aqueous solution. 


SUMMARY 


1. SO, in acid solution reduces 2:6-dichlorophenolindophenol instantaneously and may 
cause serious error in the estimation of ascorbic acid. 

2. Two methods for estimating ascorbic acid in vegetable extracts containing SO, are 
described, depending in principle on: 

(a) Prior removal of the SO, from a 5°, metaphosphoric acid extract of the food, by 
means of a current of N, and exhaustion in vacuo. 

(b) Addition of acetone to a concentration of 20° to the metaphosphoric acid before 
titration, to form the acetone-bisulphite complex which does not reduce indophenol 
dye. Precautions must be taken in the rate of titration; it must be completed in not less 
than 40 sec. and not more than 60 sec. 


~ 
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3. Using both methods, the limits of error in the estimation of ascorbic acid in fruit and 
vegetable tissues containing SO, are on the average less than 1%. 

4. The acetone method of titration gives results which are as reliable as those obtained 
by the normal method, even when cysteine or glutathione is present in equal concentra- 
tion to that of ascorbic acid. 


I wish to thank Dr L. J. Harris for his helpful criticisms and advice, and Mr Alfred Ward 
for his expert technical assistance. ; 

The work ‘described above was carried out as part of the programme of the Food 
Investigation Board, and is published by permission of the Department of Scientific and 
Industrial Research and the Medical Research Council. 
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20. On the Chemistry of Heparin 


By Erik Jorpes, From the Chemistry Department of the Karolinska Institutet, 
Stockholm, Sweden 


(Received 21 January 1942) 


The molecular structure of heparin 


Howell’s observation [1928] that heparin contains a uronic acid was confirmed by Jorpes 
[1935, 1, 2], who also found an amino-sugar and a high content of ester sulphates. On the 
basis of quantitative analyses, Jorpes concluded that heparin is a polysulphuric ester of 
chondroitin or of some closely related substance. When the amino-sugar was identified 
as glucosamine [Jorpes & Bergstrém, 1936], it became evident that the structural carbo- 
hydrate unit of heparin was mucoitin, if the uronic acid is assumed to be glucuronic acid. 
These findings were confirmed by Meyer [1938]. It is now generally agreed that heparin - 
belongs to the same group of substances as chondroitin sulphuric acid on & Winter- 
stein, 1939; Charles & Todd, 1940]. 

It is almost certain that the amino group is acetylated as is the case in all the other 
natural compounds, chitin, chondroitin sulphuric acid and the immune carbohydrates 
which contain an amino-sugar. The shape of the titration curve in the range pH 7-10 also 
clearly indicates that the amino group is not free [Wilander, 1938]. There was only a trace 
of buffering capacity in this range, whereas with chondrosin, where the amino group is 
free, there was a distinct rise of the curve. At least 50% of the theoretical amount of 
acetic acid has been isolated and identified as silver salt [Jorpes & Bergstrém, 1937]. 
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The probable disaccharide unit of heparin. 


If the assumption is made that the disaccharide unit has an internal structure similar 
to that of the ordinary disaccharides, there are four hydroxyl groups which could be 
esterified with sulphuric acid. Consequently the following compounds would have to be 
considered. 


Mucoitinmonosulphuric acid CygH2,SO,,N ; mol. wt. 459; S 6-98% 
Mucoitindisulphuric acid 14H So! iN; mol. wt. 539; S 11-86% 
Mucoitintrisulphuric acid C,gHoi8302.N; mol. wt. 619; S 155% 
Mucoitintetrasulphuric acid C,,H,,S,0.,N; mol. wt. 699; S 183% 
The Na and Ba salts would have the following composition. 
The Na salt of the: 
Monosulphuric acid CrgHagSOrq NNa,; mol. wt. 503; S 6-36% 
Disulphuric acid C,4Hy.S,0,,NNa,; mol. wt. 605; S 10-58% 
Trisulphuric acid C,,H,,8,0,,.NNa,; mol. wt. 707; S 13-58% 
Tetrasulphuric acid CygHyS,02.3NNa;; mol. wt. 809; S 15-81% 
The Ba salt of the: 
Disulphuric acid (C,4H,.8,0,,N )pBass S 862% 
Trisulphuric acid C,,H,,8,0,,NBa,;, S 10-80% 
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As early as 1935, fractions were isolated [Jorpes, 1935, 2] with a sulphur content corre- 
sponding very closely to that of a chondroitin or mucoitin trisulphuric acid. As the pure 
protein-free heparin had a lower sulphur content it was assumed to be a mixture of the 
different sulphuric esters, mainly di- and tri-sulphuric acids. It could not be proved, 
however, that a tetrasulphuric acid is also present in the natural heparin. 


Crystalline heparin 


In the meantime, the concept of a homogeneous crystalline heparin has been introduced. 
Crystalline heparin has been the subject of much discussion. Fischer & Schmitz [1933] 
thought that they had obtained a crystalline brucine salt of heparin. In the same year, 
Charles & Scott [1933] reported on a semi-crystalline preparation. Finally, in 1936, these 
authors [Charles & Scott, 1936] isolated a Ba salt of lung heparin, which they considered 
to be crystalline and which, since then, has been treated in the literature as the pure 
crystalline anticoagulant. Unfortunately, their preparation contained only 11-5% § 
in the free acid, or 20% less than the S content of the free acid of an amorphous liver 
heparin isolated frem the insoluble brucine salt and first described by the present author 
in 1935. This ‘crystalline’ Ba salt of liver and lung heparin was studied by Charles & 
Todd [1940] and claimed by them to be a homogeneous compound, probably identical 
with the preparation described by Reinert & Winterstein [1939]. Both groups of authors 
were, in fact, still of the opinion that the compound contained 2} S atoms to each mucoitin 
unit. 

The compound of Charles & Todd seemed to be crystalline. There was, however, no 
convincing evidence to justify the assumption of a crystalline structure. The crystals were 
‘too small and heavily twinned for the X-ray diagram’. Further information would also 
have been desirable regarding the S content and the optical rotation of their preparations. 
The S content of the Ba salt was 9-6 % and of the NH, salt 12-2%. Both preparations 
were dried at room temperature and no information was given as to their water content. 
Compared with a Na salt described in this paper containing 13-8 % S, the NH, salt ought 
to contain about 11°% moisture. An analysis of the optical rotation would have been 
desirable. Thus, the preparation of Reinert & Winterstein, which was claimed by them 
to be derived from the ‘crystalline’ Ba salt, had a rotation of +42°, a figure which is very 
much lower than the rotation +63° (+66°?) of the strongest heparin preparations. 
Charles & Todd, in discussing their results, assumed that the pure heparin contains 2} 
sulphate groups to each mucoitin unit. Their conclusions were based on the S : N ratio. 
These acidic polysaccharides, however, are never completely free from traces of proteins 
or ammonium salts. The N content, therefore, does not correspond to the content of 
hexosamine. 

As to the product described in 1939 as pure ‘crystalline’ heparin by Reinert & Winter- 
stein of the Hoffman-La Roche laboratory, it is evident that it was no more than a mixture 
of the different polysulphuric esters described above. The Na salt, recovered from the 
‘crystalline’ Ba salt, contained 11-1 % S in the air-dry substance (11-9 % of the dry sub- 
stance), and showed an optical activity of +42°. Consequently it corresponds to the 
purified heparin which was used by the present author as starting material for the 
fractionation of the brucine salts of heparin. From this material the mucoitin di- and 
tri-sulphuric acids were isolated. Although the present author found that the material con- 
tained at least one fraction with 12-5 % S in the Na salt, and a composition very similar 
to that of a mucoitin trisulphuric acid, Reinert & Winterstein assumed, in agreement with 
Charles & Todd, that there were 2} S atoms to each hexosamine residue in their prepara- 
tion. Further, the findings of Jorpes & Bergstrém [1937], that these strong heparin 
preparations with more than 12% S may have a speeific rotation of +66°, seemed also 
to have escaped the attention of these authors. The low S content and the low specific 
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rotation of the heparin samples of Reinert & Winterstein prove that these samples con- 
sisted of pure heparin but were by no means crystalline homogeneous compounds. The 
anticoagulant activity also corresponds to this. A sample of the commercial Liquaemin 
Roche, which was claimed to be prepared from ‘crystalline salts’, and which was analysed 
by the author in September 1940, was found te have the same strength (100%) as our 
standard powder, whereas the trisulphuric acid has an activity of 140-150%. All these 
facts clearly indicate that the product of Reinert & Winterstein was not a crystalline 
compound but a mixture of the different fractions isolated and separated from each other 
as far back as 1935. It must be admitted therefore that the discussion of crystalline heparin 
so far has rested on an insecure foundation. 

In two later reports, crystalline heparin has been discussed. Thus, Jaques & Waters 
[1940] reported on a crystalline Ba salt isolated from the blood of dogs in anaphylactic 
shock which appeared to be homogeneous. Furthermore, Jaques [1940, 1] reported on 
crystalline Ba salts of heparin, isolated from the lungs of different animals, all of which 
had a similar composition. The water-free Ba salts of these heparins contained the 
following amounts of 8, viz. dog heparin 10-8, that from the cow 10-8, from the pig 10-4, 
and from the sheep 11-6%. No further chemical details were given. Evidently, the S 
content of these preparations corresponds exactly with that of the Ba salt of the mucoitin 
trisulphuric acid discussed above (calculated at 10-8% 8S). Furthermore, if the figure 
given for the S content of sheep heparin is correct (11-6 %), it would indicate the presence 
of a certain amount of the tetrasulphuric acid of mucoitin. 

In this last paper the very interesting observation was made that heparins from 
different animals, in spite of their similarity in chemical composition, showed indi- 
vidual biological activities as tested in a coagulation system, the dog heparin being 2-4 
times stronger than the ox heparin; and the pig heparin having only 44 % of the strength 
of the latter. The sheep heparin was still weaker. 


Is heparin activity due to one definite homogeneous chemical compound only ? 


There is one discrepancy which is very remarkable between the findings of the present 
author and the statements made in the literature. The strongest heparin fractions, the 
chemical composition of which corresponds to that of ‘crystalline’ heparin, make up only 
a small part of the heparin preparations, e.g. usually 15-20 % in ox-liver heparin and a 
still smaller percentage in heparin from lungs and spleen. If the heparin is very little 
influenced by the procedure of preparation, the main part of the natural heparin must 
have a lower S content and a weaker anticoagulant activity than the strongest fractions 
separated from it as Ba or brucine salts. Consequently, these fractions alone, even if they 
were crystalline, cannot be claimed to be the natural heparin, because the main part thereof 
consists of a polysaccharide of a much lower degree of esterification. The question arises 
whether these weaker fractions occur in the body or if they are solely decomposition 
products. 

For the elucidation of this question I have analysed heparin from different organs and 
from different species of animals qualitatively and quantitatively. The fate of heparin 
during the course of its preparation has been followed. Furthermore, the fractionation 
with brucine has been once more studied in detail. The decreasing solubility of the brucine 
salts which parallels the increasing S content, offers an excellent means of studying the 
crude polysaccharide of heparin. The only way of obtaining the brucine salts is, of course, 
by means of electrodialysis. 


Heparin from ox spleen 


200 kg. of ox spleen were worked up in the usual way. The protein-free polysaccharide 
fraction, 4-6 g., was dialysed in a cellophane sac against distilled water. The substance 
dialysing out, had only 4 °% of the standard heparin activity. The heparin inside the sac 
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was precipitated with alcohol in the presence of sodium chloride. The yield was 3:3 g. air- 
dry substance with 9-12 % moisture and 45-50% heparin activity. The water-free sub- 
stance analysed as follows: ash 29-8; N 2-83; S 9-35; hexosamine 22%. [a]7%° = +29°. 

Fractionation by means of the brucine salt. 2-69 g. of the dry substance were electro- 
dialysed for 2} hr. The substance removed with the neutralized anodic fluid, 0-54 g., 
showed a S content of 2-7 % and only 7 % of the standard heparin activity. The inner cell 
contained, as found after neutralization of a small sample, 2-4 g. substance with 9-17 %§ 
in the Na salt and a heparin activity of 50-55 %. The different Na salts obtained after 
fractionating the brucine salts in water, analysed as shown in Table 1. 


Table 1. Na salts of heparin from ox spleen as recovered from the 
different fractions of brucine salts 
Air-dry Heparin activity of 


Substance recovered substance Moisture 8S % of dry [x}3" air-dry substance, 
from g. % substance (dry substance) % of standard 


Mother liquor: Ist 1-000 17:3 8-3 +26° 40 
2nd 0-255 12-6 10-3 +33° 60 
3rd _ 0-028 13-4 12-6 +39-4° 100 (?) 

Insoluble brucine salt 0-038 13-2 13-9 +50° 100 


Heparin from lungs of cattle 


500 kg. of ox lungs yielded 20-8 g. of air-dry substance after dialysis of the Na salt 
initially obtained (23 g.). Moisture 7-98%. Anticoagulant activity of the air-dry 
substance, 50°%. The dry substance analysed as follows: ash 38-7; N 2-9; S 10-62; 
hexosamine 24-9%. [«]#9° = +38-7°. 

Fractionation by means of the brucine salt. 9-2 g. dry substance were electrodialysed 
in 350 ml. of water for 8 hr. The anode liquor contained 2 g. of dry substance with 8-7 % 
S and a heparin activity of 35%. The inner cell’contained 7-8 g. of heparin calculated as 
dry Na salt with 9-75 % S and 60 %, heparin activity. The original strength of the air-dry 
substance which was electrodialysed was 50%. [«]#?° = +41°. The results of the analysis 
of the Na salts obtained after fractionation of the brucine salts are given in Table 2. 


Table 2. Na salts of heparin from the lungs, recovered from 
the different fractions of brucine salts 


Air-dry ° x Heparin activity of 
Substance recovered substance Moisture S % of dry aby air-dry substance, 
from g. % substance (dry substance) % of standard 
Mother liquor: Ist 1-26 16-7 4 7 
2nd 1-375 19-6 . 9-5° 50 
3rd 1-209 14 2-2 80 


Insoluble brucine salt 0-3467 12-6 3:2 56-7 110 


Heparin from ox liver 


Fractionation by means of brucine. A Na salt of commercial heparin was dialysed for 
24 hr. in a cellophane sac against distilled water in order to remove free sulphates. 
4-1 g. dry substance containing 11-1% S and having a heparin activity of 110% of the 
standard were dissolved in 150 ml. of water and electrodialysed. After 6} hr. no alkali was 
present in the water passing the cathode chamber. 

The heparin activity still present in the inner cell after electrodialysis was 75-80%, of 
the original. Anticoagulant activity, corresponding to the loss, was found in the anode 
fluid. The water (10 1.) which had washed the anode during electrodialysis was collected, 
neutralized and concentrated in vacuo to 101 ml. It contained 0-723 g. of dry substance 
with the heparin activity unimpaired (110%) and with 11-3 % 8. Thus, about 18 % of the 
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heparin originally present had passed the anodic parchment membrane without any loss 
of heparin activity or of sulphur. 

No sulphuric acid had been split off from the heparin inside the cell, because two 5 ml. 
samples of the concentrated anode fluid did not contain any free sulphates precipitable 
with BaCl, in 0-5 N HCl. 

As to the chemical structure and the anticoagulant activity of the heparin, the electro- 
dialysis of this experiment proved to be quite harmless. Apparently the free acid is stable 
at room temperature in aqueous solution, at least for a certain time. A similar finding 
was made in determining the amount of free sulphates in the heparin preparations. In 

0-5-0-75 N HCl no sulphuric acid was split off from the heparin during 24-48 hr. at room 
temperature. 

In another experiment, 9-2 g. of the same heparin were electrodialysed in 150 ml. of 
water for 7 hr. The heparin activity inside the cell was 80% of the original. The anode 
fluid, about 10 1., was neutralized and concentrated in vacuo to 200 ml. It contained 
1-143 g. of dry substance (12-5 %) with 8-5 % S and an anticoagulant activity of 70%. In 
10 ml. of this solution there was only a trace of sulphate precipitable with BaCl, in acid 
solution; consequently only a trace of sulphate had been set free from the heparin during 
the electrodialysis. 

Ina further experiment with 10 g. of heparin, 1-8 % of the S was split off during electro- 
dialysis and recovered from the anode liquor as free sulphates. 

6 and 10 g. dry Na salt of heparin (dialysed) were electrodialysed in two runs of 8 and 
11 hr. duration. The combined anode fluids were collected, neutralized and concentrated 
to a small volume. They contained free sulphates corresponding to 3-5% and ester sul- 
phates corresponding to 16% of the total S present in the heparin which had been sub- 
mitted to electrodialysis. The combined inner fluids were neutralized with brucine and the 
brucine salts fractionated in water as usual. The brucine was this time removed with a 
saturated solution of calcium hydroxide at room temperature. The Ca salts were twice 
reprecipitated with only 1 vol. of alcohol frorn an almost neutral or faintly alkaline 
solution; the results are given in Table 3. 


Table 3. The Ca salts recovered on removal of brucine from the 
different fractions of brucine salts 


Moisture 


Air-dry 100° in vacuo % of dry substance [a]>° calc. Heparin activity of 
Substance recovered (lie over P,O,; =£.——_-—_*~ perdry __ air-dry substance, 
from g. % Ash 8 Ca _— substance % of standard 

Mother liquor: Ist 7-20 10-4 29-8 8-80 10-4 +45-7° 65 

2nd 0-75 6-54 29-6 10-80 10-3 +45-4° 100 

3rd 1-60 10-2 30-3 11-20 —_ +57-2° 100 

4th 0-60 9-9 36-3 12-00 12-0 +61-8° 125 
Insoluble brucine salt 2-00 10-6 33-9 12-56 12:3 +63-5° ? 135-140 


The Ca salts recovered (10-92 g.) contained about 80% of the dry substance and about 
70% of the heparin activity calculated to be found in the inner cell after removal of the 
heparin which had passed the anode membrane. Evidently no considerable destruction 
with loss of heparin activity had taken place during electrodialysis, even in this experi- 
ment, which revealed a certain loss of ester sulphates (3-5 %). 

In two other experiments samples of the inner fluid were neutralized following electro- 
dialysis for 8 and 10 hr. The Na salts of the inner fluids were carefully assayed against the 
Na salt of the starting material. 

There had been no detectable loss of catienagueat activity during electrodialysis; the 
potency of the samples did not deviate more than 5% from the strength of the heparin 
used as starting material. 
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As is evident from these experiments, very little sulphuric acid, if any at all, is split off 
from the heparin during electrodialysis. The various fractions of heparin of different 
sulphur content, separated from each other as brucine salts, must therefore be assumed 
to be performed in the protein-free purified heparin. They must occur together before 
electrodialysis because a considerable part of the heparin recovered from the brucine salts 
has a 10-20% higher S content and a 30-50 % stronger anticoagulant activity than the 
material submitted to electrodialysis. This could not be if the starting material had been 
a uniform product, which suffered partial destruction during electrodialysis, thus giving 
rise to new, less active fractions with lower S content. 


The composition of the strongest heparin samples 


The composition of the strongest heparin samples obtained after removal of the brucine 
from the insoluble fractions of the brucine salt is of particular interest in relation to the 
crystalline heparin problem. In this way, Na salts of heparin from ox liver can be ob- 
tained with steadily increasing S content; the compositions and anticoagulant activities 
of a series of such samples are given in Table 4. 


Table 4. Compositions and anticoagulant activities of heparin 
fractions with high S content 


% of dry substance Anticoagulant activity of 
Moisture eo the dry substance in % of 
No. g. % S Ca standard (dry substance) 


Na salt 0-260 13-0 11-73 —_— 125 
Na salt 0-600 9-9 12-00 —_— 125-130 
Na salt 0-240 12-5 12-10 — 125-130 
. Na salt 0-770 17-4 12-5 — - 135-145 
Ca salt 2-00 10-6 12-56 12-60 135-140 
Na salt 0-775 6-7 12-90 — 140-145 
Ca salt 0-294 12-85 13-2 12-60 153 
. Na salt 0-650 17-5 13-8 ~ 10-43 160 


1. 
2. 
3. 
4 

5. 
6. 
a 
8 


The brucine salt of the liver heparin with the lowest solubility obtained in one experi- 
ment (sample 8) showed an exceptionally high content of 8, i.e. about 14% of the dry 
Na salt. In fact, it had been obtained from a preparation of the crude heparin which 
showed an unusually strong activity, 125% of the standard powder. This salt, 0-650 g., 
was analysed on four different occasions. The air-dry substance yielded 11-54 (11-48, 
11-57) % S corresponding to 14-0 % of the dry substance (17-5% moisture). On another 
occasion 13-7 % (13-8, 13-55) were obtained on analysing the dry substance (100° in vacuo 
over P,O;). The ash content of the dry substance was 38-1%; Na, 10-43 %. 

This sample also showed a somewhat stronger biological activity than the other samples, 
about 160 (160, 160, 150)%. The figures given were found in assays on three different 
days. 

The S content of this sample equals or is slightly higher than the theoretical figure 
calculated for a mucoitin trisulphuric acid. Taking into account the fact that the substance 
is amorphous and certainly contains traces of foreign substances including salts, this 
figure might indicate admixture with a trace of a tetrasulphuric acid. So far, however, no 
conclusive proof could be obtained for the occurrence of such an acid in heparin. The 
analysis of this sample in any case disproves the earlier claims that pure heparin contains 
23 sulphate groups to each mucoitin unit, as do also the figures given by Jaques for the 
S content of the Ba salts of lung heparins from different animals. 


The polysaccharide fractions with lower S content 


As to the nature of the remainder of the heparin polysaccharide after removal of the most 
active fractions, it would be of interest to know whether they have a similar organic 
skeleton. Particularly in lung heparin, one might expect the occurrence of a considerable 
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amount of chondroitin sulphuric acid originating from the cartilage of the bronchi. 
A sample of lung heparin was therefore fractionated as Ba salt. One fraction separated 
when BaCl, was added at neutral reaction (I), another after the addition of Ba(OH), (II). 
The mother liquor was precipitated with alcohol and the precipitate dialysed in a cello- 
phane sac against water. An insoluble fraction (II) was separated. The dialysed solution 
was concentrated to a small volume and Ba(OH), added until no further precipitate 
formed (IV). To the mother liquor, alcohol was added (precipitate V). The Ba salts were 
transformed into Na salts and then analysed (Table 5). 





Table 5 
% of dry substance 
— —\ Heparin activity of 
Moisture Uronic Amino- air-dry substance 

g. % Ash Nitrogen Sulphur acid sugar % 
I 6-5 10-0 41 2-45 11-0 19-5 14 100 
II 13 11-0 a 2-9 6-2 -— -- 15 
II 2-7 10-5 39 3-3 7-2 21 14-5 15 
IV 1-15 7-1 _— 2-95 4:8 — _— 
V 4:35 10-9 37 2-55 0 22 17 Nil 


As is evident from Table 5, all fractions have a similar composition. They are all built 
up of an acetylated hexosamine and a hexuronic acid. A considerable part of the poly- 
saccharide from the lungs is sulphur-free, and lacks heparin activity. 


The stability of heparin during autolysis, tryptic digestion and 

alkaline extraction 
The first stage at which destruction of heparin could take place is during the autolysis of 
the organs. In fact, Charles & Scott [1933] found autolysis to be favourable for the pre- 
paration of heparin. The recent findings of Jaques [1940, 2], that liver contains a hepari- 
nase capable of splitting heparin, indicate possible partial destruction of heparin during: 
autolysis. The experience hitherto gained, however, indicates that no such destruction 
occurs. I have made repeated experiments, using both fresh and autolysed liver and lungs 
of cattle, and doy liver, and have found the same activity and the same § content of the 
heparin from one and the same source irrespective of whether it was extracted before or 
after autolysis for 36 hr. 

There is not much reason, either, to assume a destruction of heparin during the diges- 
tion with the pancreatic extract, already recommended by Howell and applied by Charles 
& Scott in their routine method. However, this phase in the process of preparation was 
also controlled. It was found to be completely harmless. 

To the trypsin solution used in the preparation of heparin a Na salt of heparin was 
added, 7-6 mg./ml. in one experiment and 0-75 mg. in another. The reaction was 
made slightly alkaline to litmus, toluene was added and the samples digested at 37° for 
4 days. In both samples the activity after digestion, as compared with the original 
strength, was still 100%. The addition of 20 ml. of N HCl and 2 ml. of a 10% BaCl, 
solution to 20 ml. of the former sample did not cause any detectable precipitation of 
BaSO;, a fact which indicates that no sulphuric acid had been set free during the 
digestion. 

If there is any possibility at all of destroying the heparin, it might be during the first 
stage of its preparation, i.e. during the alkaline extraction or the acidification with 
H,SO,. If the amounts of NaOH and of (NH4),SOq are properly balanced, as recom- 
mended by Charles and Scott, to give a pH of 9-4-9-1 in the mixture, no destr uction seems 
to take place, as is evident from the following experiment. 

1 g. of heparin of standard potency (10-96% S) was dissolved in a mixture of 30 ml. 
10N NaOH and 80 ml. 50% ammonium sulphate (by volume) (pH 9-4). The solution was 
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kept at 40° for 1 hr., and at 85-90° for 1 hr. more..The solution was then diluted with 
water and the heparin precipitated with alcohol. Free sulphates were removed by dialysis. 
S content of the heparin recovered, 11-01%. Heparin activity, 100 (possibly 95) % of the 
standard. No destruction whatsoever had occurred. 

Attention was also paid to the question of a possible destruction of heparin by the 
H,SO, added to the first extract. Not even at this stage of the preparation could any 
* decrease in heparin activity be traced. 














METHODS 





Amino-sugar. The quantitative determination of the amino-sugar content of the 
heparin preparations presents several difficulties. At first, the amino-sugar is only slowly 
liberated, boiling with conc. HCl for several hours being necessary for hydrolysis of the 
disaccharide [Jorpes & Bergstrém, 1937]; furthermore, the free amino-sugar, glucosamine, 
is partly destroyed during this hydrolysis. Thus, it was found that of the glucosamine 
10 % was destroyed in 1 hr., 15% in 3 hr., and about 30% in 6 hr., if boiled in a water 
bath with cone. HCl. 

Glucosamine and galactosamine are known to give the same colour intensity in the’ 
Elson-Morgan reaction [Smyth et al. 1937], but.in disaccharide units the linkage influences 
the colour formation. An accurate figure for the amino-sugar content therefore cannot be 
obtained. It was also observed that lower figures were consistently obtained, if the 
hydrolysis lasted for some hours. The heparin preparations were therefore hydrolysed for 
only 30 min., or | hr. 

If material was available, 50 mg. were hydrolysed in a water bath in cone. HCl for 
30 min, The HCl was distilled off, the solution cautiously neutralized and the volume 
adjusted to 10 ml.; 0-25 ml. of this solution and of its dilutions 1:1-5 and 1:2 were taken 
for analysis. The different modifications of the Elson-Morgan method [Nilsson, 1936; 
Boyer & Firth, 1935; Smyth et al. 1937; Sdrensen, 1938; Hewitt, 1938] were tried; the 
following technique was preferred. 

A series of 10 ml. pyrex test-tubes marked at 5 ml. are used. To 0-25 ml. of the test 
solution, containing 0-4-1 mg. of the hydrochloride of the amino-sugar per ml., is added 
0-2 ml. of N Na,CO, containing 1 ml. acetylacetone in 25 ml. The test tubes are boiled in 
a water bath for 15 min. After cooling at room temperature for 1 hr., 2-5 ml. of glacial 
acetic acid are added to each tube of the series and then 0-25 ml. of the Ehrlich reagent. 
The tubes are boiled in a water bath for 10 min. Glacial acetic acid is filled up to 5 ml. 
After mixing with a glass rod and keeping for 20 min. the colour intensity is read through 
filter S53 of the step photometer using 1 em. cells. 

Usually three different concentrations of an unknown solution are analysed simul- 
taneously, all of them in duplicate. The sugar concentration is read off from a curve on 
semi-logarithmic paper obtained by analysing in duplicate four different concentrations 
of a known glucosamine solution. Such a curve is determined every time a series is boiled. 
Three different unknown samples can be analysed simultaneously, making a total of 26 
test tubes in the series. 

Sulphur. For the 8 analyses, 25-40 mg. of the material were fused with carbonate- 
nitrate. The precipitate of BaSO, was collected in a Neubauer-Gooch platinum iridium 
crucible, washed, ignited and washed again with dil. HCl, ignited and weighed. Each 
analysis was made in duplicate or triplicate. 

Anticoagulant activity. The anticoagulant activity was determined by the method 
described by Jorpes [1935, 2] and by Wilander [1938, p. 58]. Fresh ox blood taken direct 
from the vessel at the slaughterhouse was quickly decanted into a series of small test 
tubes, each containing 0-2 ml. of a dilute heparin solution. Five tubes in a stand contain 
standard heparin, 0-2 ml. each of a solution with 10, 5, 2-5, 1-25 and 0-63 mg. air-dry 
standard heparin in 32 ml. of physiological saline. The remaining five tubes of the same 
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stand contain the unknown sample in the corresponding dilutions. Readings are made at 
room temperature after 14, 3, 5, 8 and 12 hr., possibly also after 24 hr. Care must be taken 
that no air enters the test tubes and that the two parts of the stand, the cover and the 
bed, are tightly clamped together. 

A difference in strength of 10 % can be distinguished by this method. The figures of the 
anticoagulant activity of the heparin preparations given in Table 4 are therefore correct 
within 5-10 %. They were first determined in one or two series, each comprising 9 stands. 
Five of these samples, nos. 1, 2, 4, 5 and 6, were assayed once more as air-dry powder 
against the air-dry standard heparin. The potency of four of the samples did not deviate 
more than possibly 5% from the strength found during the preliminary assaying. One 
of them only (no. 4) showed a 5-10 % greater potency than that found on the first day. 


Heparin standard 


The principles of expression of the anticoagulant activity of heparin, which have been 
applied by different workers, are almost as many as the authors themselves. Charles & 
Scott [1933] elaborated in detail the method of determining the cat unit, originally sug- 
gested by Howell. One unit was the amount of anticoagulant which prevented coagula- 
tion of 1 ml. of cat blood kept for 24 hr. at 0°; 1 mg. of pure heparin contained about 
500 units. 

A few years later, Best & Murray [1938] suggested that this unit should be replaced by 
another which corresponded to 0-01 mg. of pure heparin, assumed to be crystalline. 

Other units have been recommended by Schmitz [1935], Chargaff et al. [1936], de Puoz 
[1938], Reinert & Winterstein [1939], Astrup. [1938], and by Jores of Promonta in 
Hamburg. 

Schmitz suggested as a unit the amount of heparin, of which 34, doubled the logarithm 
of the coagulation time in 0-1 ml. of plasma. Chargaff e¢ al. used hen’s plasma and a 
muscle kinasé of standard potency as suggested by Fischer & Schmitz [1932]. They de- 
fined an inhibitor unit which was very small, ;/; of the original Howell unit. 

De Puoz, and Reinert & Winterstein of the Hoffman-La Roche laboratory expressed the 
potency of the heparin in anticoagulant units (a.c.u.). One a.c.v. keeps 1 ml. of re- 
calcified citrated plasma of cattle uncoagulated at 37° for 4 hr. The necessary amount of 
Ca was to be titrated on each plasma specimen separately; 1 mg. of their pure product 
contained 500 A.c.U. 

Realizing the complete impossibility of defining with accuracy an anticoagulant unit 
in terms of its action in some ceagulation system, Bergstrém e¢ al. [1937] tried to avoid all 
kinds of units by expressing the anticoagulant activity in mg. of a standard heparin; for 
this purpose, the protein-free heparin polysaccharide of ox liver was selected. 

This principle has been found very convenient. The samples of ox liver heparin have 
an activity which is constant within about 10%. The strength of the standard powder is 
about 65 % of that of the strongest heparin available, the mucoitin trisulphuric acid from 
ox liver, presumably corresponding to the ‘crystalline’ heparin of Best and Murray which, 
according to them, contains 100 units per mg. In the Swedish clinical records, therefore, 
the amount of anticoagulant given has been expressed in mg. of the commercial heparin. 

Because of differences in their mode of action [Astrup & Fischer, 1938; Dam & Glavind, 
1939], no synthetic anticoagulants can replace the heparin as standard substance. 


DISCUSSION AND SUMMARY 


The protein-free polysaccharide carrying heparin activity is quite different if prepared 
from different organs. The organic skeleton seems to be the same, namely, an acetylated 
amino-sugar combined with a hexuronic acid. The preparations differ in S content and 
anticoagulant activity, the liver heparins being the most active. The preparations are all 
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inhomogeneous. From all of them, fractions with a higher S content can be isolated either 
as Ba or as brucine salts. 

It is of particular interest to know whether these fractions with varying S content really 
occur in the living animal or if they are secondary degradation products arising during the 
process of preparation. The former alternative is the most probable, because the heparin 
with the highest S content is very resistant. It is stable enough to resist both autolysis 
of the organs and tryptic digestion, and also alkaline extraction with subsequent acidi- 
fication ; it will therefore hardly give rise to any considerable amount of fractions with 
lower S content. 

These polysaccharide fractions with lower S content also possess a certain anticoagulant 
activity. The biological activity is probably not due to admixture with the more active 
- mucoitin trisulphuric acid, because the fractions are obtained from the mother liquors 
after removal of the less soluble brucine or Ba salts of the trisulphuric acid. The possi- 
bility, however, that the more soluble salts influence the solubility in water of the less 
soluble salts of the trisulphuric acid is not excluded. It seems as if all these different 
fractions carry an anticoagulant activity of their own, rapidly decreasing with decreasing 
S content. ; 

The recent findings of Jaques, that there is a species specificity, also add further 
evidence on this point. Heparin from dog liver is 2-5 times more active than ox liver 
heparin with the same S content. Taking into account also the fact that heparins with 
about the same S content originating from different organs show different anticoagulating 
effects, the liver heparins being the strongest, heparin cannot be considered to be a 
homogeneous compound in the same sense as the other crystalliné hormones, such as 
insulin. 

In order to explain the exceptionally high biological activity of dog heparin, an attempt 
was made at isolating a tetrasulphuric acid as brucine salt from dog liver heparin. No 
fraction with a higher 8 content than that of the trisulphuric acid could, however, be 
obtained. 

Whilst the fact still remains, that the exceptionally strong electric charge and the 
molecular configuration are the most outstanding properties of the heparin polysaccharide, 
it must be admitted that we actually know very little about the ultimate underlying 
principle causing the anticoagulating activity. 


This investigation has been aided by grants from the Rockefeller Foundation and from 
the Therese and Johan Andersson Memorial Foundation. 
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21. The Effect of Variations of Diet Fat on 
Dietary Fatty Livers in Rats 
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Hershey & Soskin [1931] reported that fat infiltration into the liver-of depancreatized 
dogs was accelerated when a relatively saturated fat, such as beef suet, was added to a 
diet of lean meat and sucrose; in contrast, the addition of the highly unsaturated fat cod- 
liver oil had no such effect, for a dog receiving it showed no symptoms of liver dysfunction 
and at post-mortem examination the fat content of its liver was found to be normal. 
Further study of the effect of the nature of food fat on the amount of fat deposited in the 
liver was made by Channon & Wilkinson [1936] in experiments on dietary fatty liver 
production in rats. In this work six different fats—butter fat, beef dripping, palm oil, 
coconut oil, olive oil and cod-liver oil—chosen because of the wide differences in their 
chemical composition, were used. The results showed that with the single exception of 
coconut oil (1.v. 10) the amounts of fat deposited in the liver varied inversely with the 
iodine value, butter (I.v. 33) causing 6 times the degree of fat infiltration which resulted 
from cod-liver oil (I.v. 145). When the results were considered in relation to the saturated 
acid content of the fats, it seemed that without exception the fat deposition depended 
directly on the intake of C,,-C,, saturated acids. Since choline prevents this fat deposition, 
its action might be due to its being concerned in a process of desaturation of fatty acids 
occurring either in the liver or elsewhere; in its absence, the inability of the tissues to 
dispose of the saturated acids in the normal way might lead to their accumulation in the 
liver. This possible mode of action of choline would explain the contrasting effects of 
saturated and unsaturated acids in their effects on fat deposition. On the other hand, the 
effect of saturated acids might depend not on their chemical nature but on their physical 
properties, and in particular perhaps their melting points, for the ability of the mammalian 
liver to take up excessive quantities of unsaturated acids which are liquid might well be 
limited on physico-chemical grounds. It seemed of value, therefore, to attempt to de- 
termine whether saturated acids exerted their effect because of their chemical nature or 
because of their physical properties, and work with this purpose in view is described in 
the present paper. The method adopted was to study the effects of progressive hydrogena- 
tion of a particular oil, and the effects of fats containing solid unsaturated acids, on fat 
deposition in the liver. 

In the experiments of Channon & Wilkinson [1936] the very varied chemical composi- 
tion of the different fats used complicated to some extent the interpretation of the results; 
the extremes in composition of the fats were provided on the one hand by coconut oil, 
which contains 63% of saturated acids of 12 C atoms or less, 29% of higher saturated 
acids and 8 % only of oleic acid, and, on the other hand, by cod-liver oil which contains 
no lower fatty acids, only 15 % of higher saturated acids and 84 % of highly unsaturated 
acids with 18 or more carbon atoms. In order to avoid complications of this character, 
one fat only, and that containing mostly acids of one chain length, was used for all the 
groups in each experiment. In Exp. 1 linseed oil was chosen since it consists almost 
entirely (93%) of C,, acids and is highly unsaturated (1.v. 175); the oil was progressively 
hydrogenated to particular iodine values and groups of animals received these different 
hydrogenated oils. It was hoped thus to learn the effect of progressive saturation of one 


( 214 ) 





>a 


ion 
al. 


he 


vil, 
eir 


he 


si- 
8; 
il, 


ed 
oT, 
he 


ly 
nt 








FATTY LIVERS 215 


particular oil on fat deposition. Linseed oil possesses the further advantage that on 
hydrogenation solid unsaturated or iso-oleic acids [Cocchinaras, 1932] are produced, and 
its use therefore enabled the effects of the presence of solid unsaturated acids to be 
studied at the same time. In the remaining experiments olive oil (87 % C,, unsaturated 
acids and a negligible percentage C,, saturated acids). was used, and the effect of solid 
unsaturated acids was further studied by adding elaidin in varying proportions, elaidic 
acid, M.P. 45, being a solid isomer of oleic acid. 


EXPERIMENTAL 


Animal feeding. Groups, each of 10 animals (usually 5 33 and 5 99), were fed on diets 
containing fat 35 or 40, caseinogen or albumin 8, glucose 51 or 46, and salt mixture 5 
parts ; vitamins A and D were supplied either as 1 part cod-liver oil or as concentrates, and 
each rat received 10yug. aneurin daily. The cages were kept on filter paper pads to enable 
faeces and rejected food to be collected. 

Exp. 1. Five groups of animals received, for 14 days, diets which included 40 parts of 
either linseed oil (I.v. 175) or the same oil after hydrogenation to 1.v. 142, 123, 90 and 55; 
caseinogen was the protein and to avoid the use of cod-liver oil, a vitamin A concentrate 
and calciferol were dissolved in the food fats. Animals were offered 10 g. of diet but food 
intakes were not measured. 

Exp. 2. Four groups received, for 19 days, diets containing either beef dripping 40 
(group 6), olive oil 40 (group 7), olive oil 30+ elaidin 10 (group 8), or olive oil 10+ elaidin 
30 parts (group 9); albumin was the protein. 

Exp. 3. Feeding period 20 days; the fats included in the different diets were: olive 
oil 40 (group 10), olive oil 30+ elaidin 10 (group 11), olive oil 30+ mixture ‘H’ 10 (group 
12), olive oil 20+ elaidin 20 (group 13), olive oil 20+ mixture ‘H’ 20 (group 14) and beef 
dripping 35 parts (group 15). Mixture ‘H’ was composed of tristearin 75 and triolein 
25% (see p. 218). 

Preparation of the fatty acids. At the end of the experiments the rats were guillotined 
and the fatty acids, freed from unsaponifiable matter, were prepared in the usual way 
from the livers. 

For reasons which appear later, the fatty acids were also prepared from the carcasses. 
After removal of the gastro-intestinal tract and the tail the combined carcasses of each 
group were heated for 2 hr. with 2 1. 20% NaOH; fat which rose to the surface was 
removed with benzene; after further heating of the aqueous residue, the mixture was 
acidified and the liberated fatty acids were extracted with benzene. After evaporation 
to dryness of all the benzene extracts the material was resaponified and the fatty acids 
prepared after removing unsaponifiable matter. It was not necessary in all cases to pre- 
pare and analyse the fatty acids from the whole carcass. In Exp. 2 the omental and 
perirenal fats were taken as representative of the depot fat; comparison of the analytical 
results for carcass fatty acids in other similarly fed groups showed that the procedure was 
justified. = 

The faeces were collected daily and stored under alcohol and extracted three times with 
hot alcohol containing 10 % cone. HCl; the residue was ground and extracted with ether 
after hydrolysis with aqueous acid. The fatty acids were then prepared after resaponifica- 
tion of the material obtained by evaporation of all the extracts. 

The determination of the amounts of saturated acids, solid unsaturated acids and 
liquid unsaturated acids was carried out by use of the lead soap method of Twitchell as 
modified by Hilditch & Priestman [1931]. In this method the lead soaps insoluble in 
alcohol contain the higher saturated acids and those unsaturated acids which are solid; 
determination of the 1.v. of the acids prepared from the insoluble lead soaps thus enables 
the amount of solid unsaturated acid to be calculated. Since the estimation of the amount 
of solid unsaturated acid was made in this way, it was clearly of the greatest importance 
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to prevent as far as possible any contamination of the insoluble lead soaps by the soluble 
lead soaps which contain the unsaturated acids. In our hands, the recrystallization of the 
insoluble lead soaps from alcohol was not entirely successful and it was found advan- 
tageous to free the solid acids from the insoluble lead soaps after the initial crystallization 
and then to convert them again into lead soaps; these soaps were then crystallized from 
alcohol as before. Figures to illustrate this are recorded in Table 1 in which olive oil, 
which contains no solid unsaturated acids, was used. 


Table 1 


Solid acids Lv. of % of solid unsaturated acid, 
% total solid calculated as % elaidic 
fatty acid Mean acids Mean acid in the solid fractions 


. Direct recrystallization of the lead (a) 11-2) 1-5 ll 
soaps [Hilditch & Priestman, 1931] (6) 11-8) . 


2. Pb soaps crystallized and decom- (a) 115) 4.8 , : 0-3 
posed; then reformed and crystal- (6) 12-1) é 
lized 


Table 1 shows that while both the original method and the modification now introduced 
yield the same percentage of solid acids in the oil, the acids prepared by the former method 
had 1.v. 10, whereas those resulting from the latter had 1.v. 0-3. Calculated as elaidic acid, 
the results obtained by the Hilditch & Priestman method would thus imply the presence 
of 11 % elaidic acid, whereas olive oil contains no solid unsaturated acid. Since the modi- 
fied procedure reduced this figure to 0-3 %, it was adopted. It must be realized that this 
method for determining the amount of solid unsaturated acids tends to be inaccurate 
when the amount of solid unsaturated acid is small. Except in Exp. 1 it was applied to 
all the fatty acid preparations made from the food fats, livers, carcasses and faeces, so 
that the effects of the different amounts of saturated and solid unsaturated acids in the 
food fats might be correlated with the findings on the tissues and with the degree of 
absorption. 

RESULTS AND DISCUSSION 


(a) Food-fat and liver-fat deposition 


The results will be first considered from the point of view of the effect of the food fat on 
the liver-fat deposition. The simplest form of presentation is that adopted in Tables 2 
and 3, in which the percentages of saturated and solid unsaturated acids in the dietary 
fats are compared with the weights of fat deposited in the 100 g. rat liver. 

This method has been adopted justifiably since the variations in the daily fat intake of 
the different groups in each experiment, which was measured by the intake-excretion 
method, were found to be insignificant. 


Table 2. The effect of feeding hydrogenated linseed oil on 
liver-fat deposition (Exp. 1) 


Composition of dietary fat Liver fat 
, A. 


.. = ‘ t an is 7 \ 
f Saturated iso-Oleic Total solid  g./100 g. g./100 g. 

Group Dietary fat acids % acid %, acids % fresh tissue rat 
1 Hydrogenated linseed oil: 1.v. 55 41-1 11-9 53-0 13-0 0-62 
2 v. 90 14-9 56 20°5 11-1 0-44 

3 .v. 123 11-1 4-7 15-8 13-2 0-48 

4 Vv. 142 9-4 5-1 14:5 “ 0-28 

5 Linseed oil: 1.v. 175 8-1 (0-8) 8-9 0-26 


The results of this experiment are less satisfactory than might be desired for two 
reasons. First, the degrees of hydrogenation, arbitrarily carried out until the 1.v. of the 
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hydrogenated fats differed from one another by about 30 units, have not resulted in a 
gradation of the amounts either of the saturated or of the solid unsaturated acids. Thus 
the dietary fat of group 1 has a total solid acid content of 53%, and contains 11-9 % of 
solid unsaturated acid. The total solid acids in the ‘hydrogenated’ groups vary, however, 
only from 14-5 to 20-5%, and the solid unsaturated acids only from 4-7 to 5-6%. Asa 
result, pronounced differences in the amount of fat deposition of the latter groups cannot 
be expected. Secondly, the unpalatability of these linseed oil diets resulted in low food 
intakes and made it desirable to limit the experiment to a period of 14 days only, when 
the animals in all the groups had lost on the average about 10% of their initial body 
weight. As a result, the disadvantages arising from the lack of pronounced variation in 
the composition of the dietary fat of groups 2-5 were accentuated, and there was, there- 
fore, relatively limited fat deposition in the livers. Nevertheless, certain deductions are 
possible. The results show for instance that the progressive hydrogenation of a particular 
oil to different degrees has resulted in increasing liver-fat contents, just as in the previous 
work, the amounts of fat deposited were inversely related to the 1.v. of the different fats 
used. The greatest weight of fat in the 100 g. rat liver (0-62 g., group 1) is found in the 
group receiving the highest percentage both of saturated and solid unsaturated acids. 

The results as a whole suggest, however, that the 11-9°% of solid unsaturated acid 
present in the food fat of group 1 exerts little, if any, effect, for the amount of fat 
deposited in groups 2-5 seems to be unrelated to the intake of iso-oleic acid. While recog- 
nizing the difficulty of drawing final conclusions from results which, for the reasons given 
above, are less clear than had been hoped for, we formed the preliminary opinion that fat 
deposition was mainly dependent on the intake of saturated acids, and that solid un- 
saturated acids played but a minor part. 

In order to obtain clearer information, the use of linseed oil was discontinued, and a 
series of experiments, of which two only need be described, was carried out using olive oil 
with the addition of varying amounts of elaidin. The elaidin, prepared by the British 
Drug Houses Ltd., was found to contain approximately 50% elaidic acid. In Exp. 2 it 
was decided to focus attention on the effect of varying widely the intake of elaidic acid 
and to ignore for the moment the relatively small changes in the percentage of dietary 
saturated acids resulting from the presence of 25 % of saturated acids in the added elaidin. 
Thus the percentages of elaidic acid present in the dietary fatty acids of groups 7, 8 and 
9 were respectively 0, 12-5 and 37-5; in contrast, the appropriate addition of elaidin had 
a relatively insignificant effect on the percentage of saturated acids, increasing it from 
12-0 in group 7 to 15-3 and 21-8 in groups 8 and 9 respectively. In order to obtain a 
further contrasting figure, group 6 received beef dripping. Like olive oil this fat contains 
mainly C,, acids; it has, however, 56% of saturated acids compared with the 12% of 
olive oil, while neither of these fats contains any solid unsaturated acid. The results of 
Exp. 2 as well as those of Exp. 3, which will be described later, are given in Table 3. 

The results obtained from groups 7-9 (Table 3) show clearly that elaidic acid has 
exerted no effect in increasing fat deposition. Thus the percentage of solid (saturated) 
acids in the dietary fat of group 7 which received olive oil was 12-0 and the resulting liver 
fat was 0-80 g. Increasing the percentage of solid acids to 27-8 in group 8 and to 59-3 in 
group 9 by the replacement of 10 and 30 parts of olive oil by elaidin has not resulted in an 
increase in the amounts of liver fat, which are 0-68 and 0-60 g. respectively. So far from 
causing an increase in fat deposition, these large additions of elaidic acid have tended, if 
anything, to decrease the amount of liver fat. This tendency seems more significant if it 


" be remembered that with these increases in elaidic acid, the saturated acids themselves 


were also increased from 12-0 % in group 7 to 21-8 % in group 9; while these latter in- 
creases are not great, they might have been expected to raise the liver fat slightly. No 


- conclusion on this point, however, can be reached, for, as may be seen in Table 4, the rats 


of groups 8 and 9 ate less fat than those of group 7 and this might, in part, account for 
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Table 3. Comparison of the effects on liver-fat deposition of saturated with those of 
‘solid’ and ‘liquid’ unsaturated acids 


Composition of dietary fat Liver fat 
c Panes 7% c ae = 
Saturated Elaidic Total solid —_g./100 g. g-/100 g. 
Dietary fat acids % acid % acids % _fresh tissue rat 
Exp. 2 

Beef dripping 40 56-0 23-9 1-2] 
Olive oil 40 2: 12-0 18-8 0-80 
Olive oil 30 +elaidin 10 5 2° 27-8 15-9 0-68 
Olive oil 10 +elaidin 30 21- : 59-3 14-5 0-60 


0-82 
0-74 
1-03 
0-65 
1-29 
1-54 


Olive oil 40 

Olive oil 30+ elaidin 10 
Olive oil 30 + mixture ‘H’ 10 
Olive oil 20 + elaidin 20 
Olive oil 20 + mixture ‘H’ 20 
Beef dripping 35 
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Table 4. Fat intake and fatty acid composition of food, liver, 
carcass and faeces (Exp. 2) 


Fatty acid composition 





c > 
Fat/100 g. rat/day Net Food fat Liver fat Carcass fat Faeces fat 
_—_____.. intake — A a x A EY ome ‘ 


\ f 
oy 


% ab- g. % un- on % un- % % un- % % un- lo 
Group Food Faeces sorption saturated elaidic saturated elaidic saturated elaidic saturated elaidic 
6 1-63 0-31 83 “32 44-0 0 69-1 0 66-6 0 30-2 0 
7 1-78 0-08 95 ; 88-0 0 76-4 0 72:3 0 46-8 0 
8 59 0-14 90 “4: 84-8 2 
9 37- 


45-3 


75-9 3:8 71-1 3°7 8-9 
2-6 44-0 21-4 


54 0-23 86 ! 183 373 TS 15-4 71-9 1 
the lower amounts of liver fat in these groups. Apart from showing the lack of effect of 
elaidic acid, this experiment again shows strikingly the effects of increasing the saturated 
acid intake. Thus the 100 g. rat liver of group 6 which received beef dripping, containing 
56 % of higher saturated acids, has 1-21 g. fat compared with the 0-80 g. in group 7 which 
received 12% saturated acids in the dietary olive oil. This result appears even more 
definite if the liver fat figures are considered in relation to the fat intake and excretion 
values (Table 4). Groups 6 and 9 had the same daily fat intake, 1-3 g./100 g. rat, contain- 
ing almost identical percentages of solid acids; the amounts of liver fat are very different, 
1-21 and 0-60 g. respectively, and this difference must be due to the replacement of some 
of the saturated acids.of group 6 by elaidic acid. The contrasting effects of saturated and 
unsaturated acids are evident too from the liver fat results of groups 6 and 7; group 7, 
with a daily fat intake of 1-7 g. olive oil, had liver fat 0-80 g./100 g. rat, while group 6, 
consuming a smaller amount of beef dripping (1-3 g.), had liver fat 1-21 g. 

As already mentioned, the fatty acids of the elaidin used in Exp. 2 comprised 50% 
elaidic, 25%, stearic and 25 % oleic acids, and as a result, the substitution of part of the 
olive oil in groups 8 and 9 by elaidin raised the percentage of saturated acids in the diets 
of these two groups as compared with the control group 7. In order to define yet more 
closely the effect of elaidic acid, the conditions in Exp. 3 were so arranged that the dietary 

. fats were identical in their content of solid acids and differed only in the percentage of 
elaidic acid. This was effected by the use of mixture ‘H’, which was made up of 75% 
tristearin and 25 % triolein. In the dietary fat of group 11, 10 parts of the olive oil of the 
control group 10 were replaced by 10 parts elaidin, and in that of group 12 by 10 parts of 
mixture ‘H’. As a result, the dietary fats of groups 11 and 12 differed only in that the 
elaidic acid of the one was replaced by stearic acid in the other; similarly for groups 13 
and 14 in which 20 % of elaidin and mixture ‘H’ were used. A further group, 15, received 
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35% beef dripping; since this fat contains 56% of saturated acids, the use of a lower 
percentage of dietary fat in this group provided an opportunity for studying the effect 
of further increasing the proportion of saturated acids. 

The results in Table 3 fully confirm the results of Exp. 2, for the amount of liver fat 
deposited is entirely unrelated to the intake of total solid (saturated and unsaturated) 
acids. The daily intake of all six groups was so nearly the same as fully to justify com- 
parison of the liver-fat values directly with the percentage figures of the fatty acid make- 
up of the diet fat. A comparison of groups 10 and 11 shows that more than doubling the 
total solid acid intake by the addition of elaidin has had no effect ; likewise the liver fat 
of group 12, which received a mixture identical in solid acid content with that of group 11, 
is nearly 50% greater than that of the latter group; similarly the liver fat of group 14 is 
double that of group 13, in spite of the two groups having the same proportion of solid 
acids in their diets. In contrast to the failure of elaidic acid to increase the fat deposition, 
the gradation in the amounts of liver fat in groups 15, 14, 12 and 13 from 1-54 to 0-65 g. 
by successive large steps runs parallel with the intake of dietary saturated acids; the 
results in groups 10 and 11 (0-82 and 0-74 g.), which received proportions of saturated 
acids differing not greatly from that of group 13, are probably not significantly different 
from the 0-65 g. of the latter group. It is interesting to note that the amounts of liver fat 
in groups 11 and 13 which received elaidin are actually slightly lower than that of 
the control group 10; these differences are probably insignificant, but are in the same 
direction as the corresponding finding in Exp. 2. 


(6) Food fat and liver, carcass and faecal fats 


Table 4 includes the percentages of saturated and elaidic acids in food, liver, carcass and 
faecal fats in Exp. 2, the results of which are typical. The outstanding features are: 
(1) the presence of elaidic acid in both the livers and fat depots of those rats to which 
it has been fed ; (2) the increase in its percentage in the tissues as its percentage in the diet 
was increased; (3) the uniformity of the proportions of liver, carcass and faecal un- 
saturated acids in groups 7, 8 and 9 although 0, 12-5 and 37-5 % respectively of the total 
fatty acids of the diet were supplied as elaidic acid. These three observations leave no 
doubt that elaidic acid is metabolized normally by the animal body, as was found by 
Barbour [1933] and by Sinclair [1935]. In view of the uniformity of the unsaturated fatty 
acid content of the liver fat in groups 7, 8 and 9, it is interesting to note that in Exp. 1, 
the 1.v. of the total liver fatty acids, which were 73 and 97 for groups 1 and 2, though 
depressed by the feeding of relatively saturated fats, were not appreciably raised above 
125-130 when the diet fat was more unsaturated (groups 3-5). 

The analysis of the faecal fat was not an integral part of this investigation, but it was 
carried through to determine whether the faecal fatty acids were modified in make-up 
by the different diets. The faecal fat of group 6, which received a more saturated fat, 
contains a higher percentage of saturated acids (69-8) than that of groups 7, 8 and 9, and 
there is a further reflexion of the dietary fat in the elaidic acid content of the faecal fats 
of groups 8 and 9. It is, of course, not possible to decide whether this represents un- 
absorbed material or a modification of the composition of the excreted fat in response to 
the presence in the blood of an increased amount of elaidic acid. The variations in the 
amounts of faecal fat in groups 7, 8 and 9 lie in the direction which might be expected 
from diminished absorption. with increasing solid acid content of the food, but the 
similarity in the percentages of unsaturated acids in the three groups lends support to 
the view that the faecal fat may be largely excretory in origin. 
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SUMMARY 


1. In continuation of the work of Channon & Wilkinson [1936] the influence of dietary 
fat on the extent of fat infiltration of the liver of the rat has been further investigated, 
with a view to assessing whether choline was concerned with the desaturation of fatty 
acids in the liver. 

2. Comparison has been made of the effects of liquid unsaturated acids, solid un- 

saturated acids and solid saturated acids on liver-fat deposition. 

3. It lias been shown that on diets high in fat and low in choline, the extent of fatty 
infiltration is related to the proportion of C,,-C,, saturated fatty acids. Solid unsaturated 
acids exert no effect. 

4. Elaidic acid is treated normally in the body, appearing in liver, carcass and faecal 
fats in proportions dependent on its amount in the diet. 
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22. Muscle Action and Glycogen Phosphorylysis 


By A. Mirski and E. Wertheimer, From the Laboratory of Pathological Physiology, 
Hebrew University, Jerusalem 


(Received 28 January 1942) 


It can no longer be doubted that phosphorylysis plays an important part in the break- 
down of glycogen in liver and muscle. The amylolytic breakdown mechanism has in recent 
years steadily receded into the background [Parnas, 1937; Gill & Lehmann, 1939; Cori, 
1940; Lee & Richter, 1940]. The primary importance of the phosphorylysing system is 
confirmed by the finding that its action is reversible, catalysing either the breakdown or 
the synthesis of glycogen. It seems unlikely that more than one system would be capable 
of this function. 

To clarify further the part played by phosphorylysis in vivo, an investigation of the 
relationship between different types of muscle action and phosphorylysis was undertaken. 

The magnitude of the phosphorylytic breakdown of glycogen by muscle brei and extract 
was determined by estimation of the decrease of inorganic phosphate in the presence of 
NaF. With fresh preparations the entire amount of glycogen phosphorylysed under these 
conditions is fixed as phosphoglyceric acid. 

In the experiments described below, the following aspects of this subject are investi- 
gated: (1) phosphorylysis in muscle inactivated by denervation; (2) phosphorylysis in 
muscle inactivated by other means (tendotomy—by application of plaster cast); (3) phos- 
phorylysis in embryo muscle; (4) phosphorylysis in different types of normal adult muscle 
(white, red, heart, and smooth muscle); (5) synthesis of glycogen by phosphorylase of 
different types of normal and inactivated muscle; (6) activity of phosphoglucomutase of 
different types of normal and inactivated muscle. 





EXPERIMENTAL 


Animal material. The animals used were bred in the laboratory and had long been 
maintained under observation. 

Tissue and enzyme material. (a) Muscle brei. Muscle was removed from the bled 
animal, and reduced to a brei on an ice-cold plate. There was no difference in results be- 
tween muscle brei from narcotized animals and from animals simply killed by a neck 
blow. Rapidity of operation in removing the muscle is essential. 

(6) Muscle extract. To obtain muscle extract, 2 parts of muscle were extracted with 
3 parts ice-cold water for 10-15 min. 

(c) Eluate for synthesis of glycogen. This eluate was prepared by treating extract 


solution in the cold with Al(OH), for 15-20 min. The adsorbent was then sedimented and 


twice washed with cold water. Elution was carried out with 0-5 vol. of 0-25 M glycero- 
phosphate for 1 hr. at room temperature. The adsorbents, Al(OH); C8 and Cy, were 
prepared as described by Willstatter et al. [1925]. Our preparation of Cf were less than 
a week old and did not contain appreciable amounts of the y modification (general ap- 


pearance, boiling test in conc. NH). The Cy preparations were at least 3 months old and . 


failed to give a positive reaction when examined as indicated above for the presence of 
appreciable amounts of 8 modification. 
Substrates. The glycogen used was free of N and P and prepared as described by 


* Somogyi [1934]. Cori ester was used in the form of its dipotassium salt as prepared 


enzymically with potato juice from starch by the method of Hanes [1940]. Muscle 
adenylic acid was obtained from the firm of Laokoon, Lwow. 
( 221 ) 
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Buffer. The buffer solution contained 60 ml. M/10 phosphate buffer solution of 
pH 7-2, 100 ml. 0-9 % NaCl, and 1 ml. 0-8 % MgSO,, 7H,0. 

Analytical methods. Phosphate was determined according to Fiske & Subbarow [ 1925], 
glycogen according to Pfliiger, glucose according to Somogyi [1937], and lactic acid 
according to Lieb & Zacherl [1932]. 

Test mixtures were incubated at 37° in a water thermostat and shaken during incuba- 
tion. Synthesis of glycogen by eluate was carried out at room temperature. 


(1) Phosphorylysis by denervated muscle 


The sciatic nerve was cut under deep ether narcosis at its emergence from the 
pelvis and in part removed. The point of scission was confirmed during section. Denerva- 
tion of muscle is known to affect excitability and contractility and evokes the degenera- 
tion reaction, fibrillation and finally contracture. Details as to these reactions as well as 
a review of previous knowledge on the chemical changes caused by denervation have been 
given by Tower [1939]. The known enzyme effects of denervation are surprisingly few. 
There is mention of a persistence of the enzymes responsible for glycogenolysis and lactic 
acid formation. In the respiratory system specific enzyme changes after denervation 
other than a rapid fall in extractable succinic dehydrogenase have not been observed. 
It is stated that in the second week after denervation succinic dehydrogenase decreases 


to 55% [Knowlton & Hines, 1934]. The variation in muscle water content due to 


denervation is negligible. 

(a) Experiments with muscle brei. Muscle brei experiments were carried out at 37° 
in mixtures composed of 0-3 g. muscle brei, and 2 ml. phosphate buffer containing 1 % 
glycogen and M/20 NaF. Experiments of series 1 were made on rabbits. 

The effect of denervation on phosphorylation by preparations of gastrocnemius muscle 
is described below. In every case the innervated gastrocnemius muscle served as a con- 
trol. In the first 10 days after denervation no certain changes in phosphorylytic ability 
occur. Atrophy of the denervated muscle is already well advanced by the end of this 


5 


O,; in mg. 


Decrease of P, 


30 40 50 60 
Min. 
Phosphorylysis by 0-3 g. muscle brei. A, normal muscle; B, denervated muscle; 


Fig. 1. 
10-20 days after denervation. 


period, and in the second week may amount to 25-30%. Later, 10-15 days after denerva- 
tion, a definite inhibition of phosphorylysis is clearly apparent during brief incubation 
times, but may disappear almost completely after prolonged incubation. After 15-20 
days, however, the inhibition is considerable even after long incubation times. Fig. 1, 
which summarizes the results obtained for the period between 10 and 20 days after 
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n of denervation, shows these relations clearly. The inhibition averaged 37 %, after 15 min. 
incubation and 18 % after 60 min. incubation. The results for the period of 20-50 days 
)25), after denervation (17 experiments) are summarized in Fig. 2. During this period phos- 
acid phorylysis by brei of denervated muscle amounted to one-quarter, one-third and two- 
fifths of the normal value after 15, 30 and 60 min. respectively. No direct relationship was 
iba- found between phosphorylytic activity and atrophy as measured by loss in muscle weight. 


Although extreme atrophy was always accompanied by a marked inhibition of phos- 
phorylysis, an increase in atrophy was not constantly correlated with an increase in the 
degree of this inhibition, or vice versa. 
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Experiments with rats yielded results very similar to those described for rabbits. In all, 
20 rats were tested. Inhibition of phosphorylysis in these animals was found to become 
appreciable within 6-12 days of the scission of the nerve. After 11 days, a marked in- 
hibition, which persisted even after long incubation, was found. After 20 days, as Table 1 
shows, the inhibition amounted to 50% even after an incubation of 60 min. 
Table 1 
Decrease in P,O; in mg. with 
Wt. of gastrocnemius (mg.) 0-3 g. muscle brei after 60 min. 
Days after — ns — 
No. of exp. operation Normal Denervated Normal Denervated 
10 22-68 1-24 0-55 ; 3-13 1-41 
(b) Experiments with muscle extract. In addition to tests with muscle brei, com- 
parisons were conducted between phosphorylysis by extracts of normal and denervated 
gastrocnemius muscles. The tests were carried out in mixtures composed of 0-6 ml. extract, 
2 ml. phosphate buffer, 1 % glycogen and 7/20 sodium fluoride. Fig. 3 shows the average 
results for the period between 16 and 40 days after denervation of six experiments, all of 
which showed the same trend. The phosphorylysing effect of denervated muscle extract 
is frequently so slight as to approach ‘the limit of experimental error. 
i (c) Presence of inhibitors or deficiency of activators of phosphorylysis in denervated 
a muscle? An attempt has been made to solve this question by experiments on muscle 
0 extract. The possibility that extract of denervated muscle is deficient in activators was 
, tested by adding known activators, adenylic acid (0-004 M) and KCN (N/10), to the usual 


T incubation mixtures. No activation due to the addition of these substances could be 
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demonstrated. The question of the presence in denervated muscle of inhibitors was tested 
as follows: to 0-5 ml. extract of normal muscle were added 0-5 ml. extract of denervated 
and strongly inhibited muscle extract. In control mixtures 0-5 ml. water was added to 
0-5 ml. of normal extract. No inhibition of phosphorylysis by addition- of denervated 
muscle to normal muscle extract could be demonstrated. 


Decrease of P,O, in mg. 


Fig. 3. Phosphorylysis by 0-6 ml. muscle extract. A, normal muscle; B, denervated muscle. 


(d) Inhibition of glycogen decrease in denervated muscle. Concurrently with the inhibi- 
tion of phosphorylysis there is an inhibition in denervated muscle of glycogen decrease 
(Table 2). The experiments show that for breis of denervated and normal muscles the 
relationship glycogen decrease/phosphate decrease is roughly the same. It follows that the 
same fixation product accumulates in both these cases. 


Table 2 


Decrease in PO, (mg.) Decrease in glycogen (mg.) 





wire =~ ’ 
After 30 min. After 60 min. After 30 min. After 60 min. 
Normal 3°84 4-20 8-00 9-00 
20 days after denervation 1-96 2-52 4-00 4-00 
Normal 5:10 7-13 
17 days after denervation 2-88 4-00 


The glycogen decrease is slightly greater than suggested by calculation from the 
phosphate decrease (assuming phosphoglyceric acid to be the sole product). A small 
fraction of glycogen may be decomposed by a breakdown path other than phosphorylysis, 
i.e. by amylolysis. The existence of this by-path is further confirmed by experiments in 
phosphate-free medium as described below. 

(e) Formation of lactic acid by denervated muscle. The marked drop of phosphorylysis 
in denervated muscle suggested the advisability of experiments to establish whether 
glycolysis too is affected under these conditions. 

In the first 14 days after denervation, no definite decrease in glycolysis was demon- 
strable. Later, when the effect on phosphorylysis becomes most pronounced, a corre- 
sponding decrease is also noted in glycolytic ability. The experiments summarized in 
Table 3 were carried out as follows: 0-3 g. muscle minced to a fine brei with scissors 
over ice, was suspended in 2 ml. of 0-04 M phosphate buffer (pH=7-2) containing 
1 % glycogen. The mixtures were then placed at 37° in an atmosphere of N,. The values 
shown in Table 3 were obtained. 
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Table 3 
P.O; decrease in mg. Lactic acid formed in mg. 
Days after Incubation , ‘ 3 meee A cit 
No. of exp. operation time (min.) Normal Operated Normal Operated 
4 16-40 30 3-92 1-44 2-78 1-34 
16 4-19 2-07 3-50 2-05 


(2) Phosphorylysis and inactivity atrophy 
The question arises whether the observed decrease in phosphorylytic ability after denerva- 
tion is a direct effect of denervation as such, or a general effect of inactivity atrophy. In 
the latter alternative it is to be expected that a similar decrease in phosphorylytic ability 
would also accompany all other inactivity conditions. 

(a) Inactivity atrophy of the limb due to fixation in a plaster cast. Single limbs of 
rabbits were maintained in a plaster cast. After an interval of between 18 and 49 days, 
the atrophy induced was measured and the phosphorylysis curves of the gastrocnemius 
muscle of bound and normal limbs compared. The results of four parallel experiments are 
seen below (Table 4). Despite a loss of 46% in the weight of the bound gastrocnemius 
muscle, no deviation from normal was noted in phosphorylytic power. 

















Table 4 
Decrease in mg. P,O, with 0-3 g. muscle brei after incubation 
Muscle wt. in g. 15 min. 25 min. i 60 min. 
¢ va r.. c - y - 7 aes ; = 
Normal Bound Normal Bound Normal Bound Normal Bound 
9-2 5-0 3°36 3°70 4-12 4:37 4-68 4-75 


(6) Inactivity atrophy induced by tendotomy. The Achilles tendon of single limbs of 
five rabbits was severed and the atrophy and the phosphorylytic curves of the inactivated 
gastrocnemius muscles determined after 28-45 days. In a second experimental series, 
three guinea-pigs and three rats were used. The results are shown in Table 5. 








Table 5 
Decrease in mg. P,O, with 0-3 g. muscle brei after incubation 
c oe Rs ry 
Muscle wt. in g. 15 min 30 min. 60 min. 
eae ee et A ise oe > 
Animal Normal Tendotomy Normal Tendotomy Normal Tendotomy Normal Tendotomy 

Rabbits 7-06 3-28 3-48 3-05 3-99 3-96 4-45 4-38 
Guinea-pigs 1-60 0-82 2-24 2-52 3-08 3-00 3-48 3°32 
Rats 1-17 0-61 — — 2-60 2-33 3-23 2-70 


Although tendotomy caused a loss of gastrocnemius weight in both guinea-pigs and 
rabbits of the order of 50%, no deviation from normal in phosphorylytic ability became 
apparent. In rats 50 % loss in gastrocnemius muscle weight as a result of tendotomy was 
found to be accompanied by a 15 % decrease in phosphorylytic ability. This inhibition is 
very small compared to that produced by denervation. 

(c) Phosphorylysis by gastrocnemius muscle after scission of the spinal cord. The 
spinal cord-of rats was cut at the level of the sixth breast segment. After 14 months 
the gastrocnemius muscle of the calf was removed and tested as to phosphorylytic ability. 
The results are shown in Table 6. No difference from normal in phosphorylytic power was 





found. ‘ 
Table 6 
mg. P,O; decrease after incubation with 0-3 g. muscle brei 
YY 
No. of animals 10 min. 30 min. 60 min. 
3 2-6 - 35 3-9 


Biochem. 1942, 36 15 
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(d) Exercise and phosphorylysis. To supplement the experiments comparing the 
effect on phosphorylysis of denervation and other modes of inactivation, the question was 
examined whether exercise or artificial stimulation affects phosphorylytic ability. 

In the first place a comparison was carried out between breast muscle from free-living 
and caged pigeons. Birds in the latter category had been maintained in narrow cages for 
2 months. No difference of phosphorylytic ability between the two groups was found. 

In a further experiment normal gastrocnemius muscle of rat was stimulated during 10 
days by massage, or by electrical treatment (induction current) 4 times daily for intervals 
of 2 min. Similar treatment was applied to denervated gastrocnemius muscle. In both 
cases stimulation failed to affect the phosphorylytic ability. 

Exhaustion produced by prolonged cramps also failed to affect the phosphorylytic 
ability. The experiments on this point were conducted as follows: the sciatic nerve on 
one side of the experimental animal was severed. On the following day 2-4 doses of 
strychnine sulph. (0-15 mg./100 g. body wt.) were injected subcutaneously, producing 
cramps which lasted 30-60 min. The effect of this treatment on phosphorylysis by 
gastrocnemius muscle is shown in the results of four experiments given below (Table 7). 


Table 7 


mg. PO, decrease after incubation 
a A 


= 
15 min. 30 min. 60 min. 


a. = = he ow ie 2 ~Y 
Strychnine Control Strychnine Control Strychnine Control 
2-47 2-41 3-08 3°31 4-00 3-96 


Tetanic rigor fails likewise to affect phosphorylytic ability. Experiments testing this 
point were conducted as follows: rats were given 2-3 injections of half M.L.p. (as de- 
termined for guinea-pigs) of tetanus toxin into the thigh muscle of the hind limb. Con- 
tracture of the treated limb was always induced by this treatment. After 1-2 weeks a 
comparison was carried out between the phosphorylytic ability of the contracted and the 
normal muscle. The figures (Table 8), showed no difference in phosphorylytic ability be- 
tween normal and tetanus rigid muscle. 


Table 8 


mg. P,O, decrease after incubation 
A... 





10 min. 30 min. 60 min. 
Tetanus Tetanus Tetanus 
Normal rigor Normal rigor Normal rigor 
2-04 1-97 2-98 2-98 3-43 3-43 


(3) Phosphorylysis by embryo muscle and by muscle of the newly born 


In excitability, chronaxie and contractility, embryo muscle resembles denervated and 
smooth muscle more closely than striped adult muscle. This resemblance is still manifest 
in the newly born animal and only disappears gradually as the muscle assumes its normal 
active function. 

The phosphorylytic ability of muscle preparations from embryo of rats and rabbits a 
few days before birth has been found to be extremely low and remains so up to 3 days 
after birth. With increasing age the phosphorylytic power gradually increases, but in rats 
was still below the normal of adult animals even after 25 days (Table 9). Heart and liver 
preparations from the embryo and suckling showed the same phosphorylytic power as the 
corresponding tissue from grown animals. In this connection it may be recalled that, un- 
like muscle, heart and liver of embryo and suckling animals are in full function. 
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Table 9 


mg. P,O, decrease during incubation 
a 4 A a 





. Pa aan 
Animals Ageindays 15 min. . 30 min. 60 min. 120 min. Remarks 
Rat Embryo — 0-34 0-56 — 
Rat Embryo ~. ids 0-95 — 
Rabbit Embryo _ 0-32 0-70 0-86 
Rat 3 — 0-40 0-64 0-380 
Rat 12 0-95 1-26 1-82 — 
Rat 25 1-6 2-16 2-94 — 
Rabbit Embryo os 1-10 1-48 1-90 Heart muscle (3 exp.) 
Rat 3 _: — 0-98 1-20 Liver 


(4) Comparison of phosphorylytic abilities of different types of muscle 
(white and red, heart and smooth muscle) 


Two main groups of striped muscle have long been distinguished: the red muscle, which 
reacts and fatigues comparatively slowly, and the less pigmented so-called white muscle 
which reacts and fatigues rapidly. White muscle yields steep action curves; red muscle, 
which has its most extremely developed representative in the smooth muscle system, 
yields flat action curves. In general the red-muscle group tends to resemble embryo and 
denervated muscle in mode of behaviour. Heart muscle is intermediate in position be- 
tween red-striped muscle and smooth muscle. The differences between the various cate- 
gories manifest themselves not only in chronaxie and in the contraction curves but also 
in chemical composition [ef., e.g., Embden & Adler, 1921]. It seemed of interest therefore 
to ascertain whether these functional groups differ also in phosphorylytic ability. 

In a first series of experiments rabbits were used. As representatives of the white 
motor muscles, gastrocnemius muscle, biceps femoris muscle and the great thigh extensors 
were selected. They were found to possess roughly the same_phosphorylytic ability. As 
representatives of red muscle we used M. semitendinosus, adductor longus, M. vastus and 
the diaphragm muscle. (Terminology as in Anatomie des Kaninchens by W. Krause, 1868.) 


5 


Decrease of P.O, in mg. 





0 5..10 20 30 40 50 60 


Fig. 4. Phosphorylysis by 0-3 g. muscle brei. A, white muscle; B, red muscle; C, heart muscle. 


Fig. 4, showing the differences in phosphorylytic ability between white, red, and heart 
muscle, summarizes the result obtained. The slower the reactivity of a muscle in these 
groups, the smaller is its phosphorylytic ability. It will be seen that the difference in 
phosphorylytic activity is particularly pronounced when red and white muscles are com- 
pared; the activity of heart muscle approaches that of red muscle. 
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In a second series of experiments a comparison was carried out between different 
functional muscle types of birds. From the hen, white breast muscle, red leg muscle, heart 
muscle and smooth stomach muscle were taken. The phosphorylytic ability was again 
found to be related to the reactivity, declining in the following series: white muscle > red 
muscle > heart myscle > smooth muscle. 

A comparative experiment, using muscle of pigeon, yielded a similar result. The red pig- 
mented breast muscle of the pigeon was found to possess a lower phosphorylytic activity, 
than the white breast muscle of the hen. This was as expected from the different function 
in flight of the breast muscles of these species (Table 10). 


Table 10 


Phosphorylysis with 0-3 g. muscle brei after 
—— 





‘ eee sis 
Muscle 15 min. 30 min. 60 min. 120 min. 180 min. 
Breast 2-97 4-29 4-49 4-40 — 
Leg 1-49 2-37 2-87 3-16 — 
Heart — 1-24 1-45 2-20 2-88 
Stomach — 0-42 0-84 1-23 1-56 
Pigeon 5 Breast 2. 2-56 3°36 3°37 
Leg “12 1-75 2-30 3-06 
Heart 6 1-67 2-66 3-10 
Stomach - . 0-20 0-33 0-65 


(5) Diastatic activity 


Towards the conclusion of the experiments on phosphorylysis, parallel measurements on 
the diastatic activity were undertaken. In general, these were carried out with 0-5 g. 
muscle brei in 2 ml. bicarbonate-Krebs-Ringer containing 0-5°% added glycogen. The 
mixtures were incubated at 37° and shaken during incubation. Diastase activity was 
assumed to correspond to the decrease in glycogen content over and above that calculated 
as due to phosphorylysis. 

In denervated gastrocnemius muscle of rabbits 30 days after scission of the sciatic 
nerve, no loss of diastatic activity due to denervation was found, though the atrophy in- 
duced was of the order established in the previous experiments (see Table 11). A corro- 
boration of this result was provided by corresponding experiments in which diastatic 
activity was estimated from the increase in reducing power. 


Table 11. Decrease of glycogen in mg. 


2 hr. 


pans — oceieahlat i lalenaaelaeeea —— 
\ 


7 A f 
No. of exp. Normal Denervated Normal Denervated 
3 1-27 1-13 2-55 2-13 


A comparative experiment on the diastatic activities of white, red and heart muscle is 
summarized in Table 12. 


Table 12. Average of glycogen hydrolysis in mg. after incubation for 2 hr. 
No. of exp. | White muscle Red muscle Heart muscle 


5 3-07 2-19 3-49 


Diastatic activity is smaller in red muscle and somewhat larger in heart muscle than in 
white muscle. The relative distribution of diastase seems very different from that of the 
phosphorylysing system. 
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- equal to that of normal white muscle, as shown in Table 14. 
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(6) Phosphorylase and phosphoglucomutase in different muscles 


Decrease of inorganic phosphate as measured in the previous experiments is the resultant 
of the joint activity of at least two~enzymes—phosphorylase and phosphoglucomutase. 
Experiments have shown that denervated muscle does not contain an inhibitor of phos- 
phorylysis. It seemed likely that the loss in phosphorylytic power after denervation is 
due to a decrease in the amounts of enzyme present, To clear up this point, a differentiation 
of the activities of the several enzymes concerned is necessary. In the following, data are 
reported which show the separate activities of phosphorylase and phosphoglucomutase. 

(a) Phosphoglucomutase. Glucomutase activity was estimated from the speed of con- 
version of Cori ester into Robison ester in mixtures containing 0-3 g. muscle brei, and 
2 ml. bicarbonate buffer pH 7-2 containing 20 mg. dipotassium salt of Cori ester and 
M/20 NaF. Incubation was at 37° and the reaction was interrupted by addition of 0-5 ml. 
20 % trichloroacetic acid. Cori ester was calculated from the increase in inorganic phos- 
phate on 10 min. hydrolysis at 100° in N HCl (Table 13). 


Table 13. Decrease of Cori ester in mg. P.O, after incubation 


Muscle 15 min. 30 min. 45 min. 
White, normal 2-73 3-30 3-01 
White, denervated (34 days after. denervation) 0-86 1-58 - 2-06 
Red muscle 1-11 1-49 2-20 
Heart 0-78 1-20 1-05 
Muscle of 2-day old rabbits — 2-08 _— 
Hen stomach muscle* 0-25 _- 0-80 


* In this material phosphatase assays in the absence of NaF were also carried out. The findings were 
negative. 


In general, muscle types which phosphorylyse less actively than normal white muscle 
are seen to contain subnormal quantities of phosphoglucomutase. Shortly after denerva- 
tion, however, denervated muscle occasionally manifested a phosphoglucomutase activity 


Table 14. Decrease of Cori ester in mg. PO; 


Muscle 5 min. 15 min. 45 min. 
Normal 1-60 1-40 1-31 
Denervated (23 days after denervation) 1-45 1-70 1-65 


(6) Phosphorylase. In brei or extract the activity of the phosphorylase cannot be 
separately measured. For this measurement phosphorylase preparations, which were 
freed of glucomutase as described by Cori et al. [1939], were used. Phosphorylase activity 
in this preparation is difficult to measure from the decrease in glycogen since equilibrium 
in the reaction Cori ester = glycogen is strongly shifted to the left (10% Cori ester, 90% 
glycogen). The total phosphate changes, however, are small and rapidly ended. Cleavage- 
time curves are therefore difficult to establish. In the following experiments, phosphorylase 
activity was therefore estimated from the effect of the preparations on the velocity of the 
reaction to the right, i.e. on glycogen synthesis (Table 15). Under the conditions of the 
tests as Table 15 shows, white, red and heart muscles yield eluates of equal activity. These 
muscles appear to contain equal concentrations of phosphorylase. A similar rate of 
activity is found in muscle of new-born animals. Eluate of denervated muscle, on the 
other hand, shows approximately half the normal activity. Smooth muscle eluate mani- 
fests only a slight activity. 

A surprising observation with heart muscle may be noted. With Cy Al(OH), as the 
adsorbent, prepared according to Willstatter et al. [1925] and applied as described by 
Cori, eluates obtained from heart are practically inactive. The same adsorbent in white and 
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red muscle extracts yields eluate of good activity. With CB Al(OH) , on the other hand, 
heart and other muscles yielded eluates of good activity. 


Table 15. Glycogen synthesis from Cori ester by eluate of different muscle 


Mixtures: 1 vol. eluate, and 0-5 vol. of addition mixture. Of the latter 1 ml. contained 10 mg. dipotassium 
salt of Cori ester, 1 mM muscle adenylic acid, and 0-5% glycogen. The selected concentrations of Cori ester 
adenylie acid, and glycogen are the optimal concentrations for synthesis as established by Cori & Cori 
[1940]. The final pH was 7-0, and the adsorbent was Cy in all experiments. 


% Cori ester converted into glycogen 
Drie 





de 
Muscle 5 min. 10 min. 15 min. 30 min. 60 min. 


White, normal 5 62 - 63 _ 
Denervated (3 weeks after operation} 2: 36 56 — 
Red 65 71 


White, normal 
Heart 
Muscle of 2 day old rabbits 


Pigeon stomach 
Hen stomach 


DIscussIoN 


It has been shown that the phosphorylytic activity towards glycogen of denervated 
muscle is abnormally low. Low phosphorylytic activity is also shown by embryo muscle 
and by muscle of newly born animals. In the adult animal, the phosphorylytic activity 
of different kinds of muscle decreases in accordance with the following sequence: white 
muscle >red muscle > heart muscle>smooth muscle. It is known that denervation is 
followed by a loss in both contractility and excitability. These functions grow in intensity 
from a minimum in the embryo to a normal maximum in the adult. Moreover, the con- 
tractility and excitability of different muscles are known to follow a sequence which is 
identical with that noted above for the phosphorylytic activity. In every case lowered 
excitability and contractility is seen to be accompanied by a lowering in phosphorylysis. 
The existence of a relationship between these functions would thus appear most probable. 

It seemed of importance to determine the biochemical cause of the observed difference 
in activity. Its explanation as an effect of the presence of inhibitors, or of the absence of 
coenzymes has been eliminated. There remains the alternative that the difference is one 
in enzyme concentration. Since glycogen phosphorylysis in muscle is the resultant of the 
joint action of phosphorylase and of the phosphoglucomutase of Cori, a comparison of 
the separate activities of these enzymes in the various types of muscle investigated 
was desirable. In every case of a marked. lowering in the rate of phosphorylytic break- 
down a pronounced deficiency in glucomutase was encountered. The concentration of 
phosphorylase on the other hand, except in the case of denervated and smooth muscle 
where both phosphorylase and glucomutase were lowered, remained roughly constant. 
The primary limiting factor of phosphorylytic glycogen breakdown in muscle was always 
in these experiments the phosphoglucomutase. It seems probable therefore that this 
factor is also limiting in respect of synthesis. 

Changed activity to glycogen in denervated muscle occurs only after denervation has 
caused atrophy. However, other types of inactivity atrophy such as those following 
tendotomy or application of plaster, failed to affect the enzyme activity. Scission of the 
spinal cord was likewise without effect on the phosphorylytic activity. Phosphorylysis 
appears to depend rather on the intact maintenance of the mechanism of innervation 
from the anterior horn cells. The changes in phosphorylytic ability go hand in hand 
with a diminution of the concentration in muscle of the birefringent substance. The latter 
is decreased after denervation atrophy but, as in the case of phosphorylytic ability, is 
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affected neither by tendotomy, nor by scission of the spinal cord [Fischer, 1941]. It seems 
likely that the phosphorylytic breakdown enzymes are contained in the birefringent 
complex. 

All the conditions for which a lowered phosphorylytic ability has been shown above to 
exist are stated in the literature to be accompanied by lowering in phosphagen content. 
No explanation of this correspondence can be offered as yet. Experiments in vitro have 
failed so far to reveal any direct relationship between phosphagen and phosphorylytic 
ability. 

SUMMARY 
Brei and extract of denervated muscle have subnormal phosphorylytic activities towards 
glycogen. The phosphorylytic activity begins to fall off about 10 days after denervation. 
Other forms of severe atrophy, such as that induced by tendotomy or application of 
plaster cast, do not entail any loss of phosphorylytic activity towards glycogen. 

In the third week after denervation some decrease is also manifest in glycolytic ability. 

Electrical stimulation of muscle failed to affect the phosphorylytic ability. Strychnine 
convulsions were likewise without effect. 

Embryo muscle and muscle of the newly born animal manifest only minimal phos- 
phorylytic activity. As the muscles come into full function, the phosphorylytic activity 
increases and gradually approaches the normal. 

The phosphorylytie activity of different muscle types decreases as follows: white 
muscle > red muscle > heart > smooth muscle. Except for denervated and smooth muscle, 
the phosphorylase content of different muscle types is fairly uniform. Denervated muscle 
shows half the phosphorylase activity of normal muscle. Lowered phosphorylytic activity 
was found, however, always to entail a marked diminution of the phosphoglucomutase 
concentration. In muscle the primary limiting factor of phosphorylytic glycogen break- 
down and glycogen synthesis is the glucomutase. 


The significance of phosphorylytic glycogen breakdown for muscle function has been 
discussed. 
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23. Metabolism of Adipose Tissue in vitro 


By A. Mirski, From the Laboratory of Pathological Physiology, 
The Hebrew University, Jerusalem 


(Received 26 January 1942) 


It has been shown [Hoffman & Wertheimer, 1927; Tuerkischer & Wertheimer, 1941] that 
glycogen accumulates in the adipose tissues of fasted animals which are placed on a 
carbohydrate-high diet. Glycogen appears in the adipose tissue of fasted rats soon after 
the first carbohydrate meal, but is transient and disappears 4 days later giving way to 
fat. It was suggested from this and from other experiments that glycogen could be 
transformed into fat by adipose tissue. Confirmation of this conclusion by experiments 
in vitro, which might throw further light on the question whether adipose tissue can form 
glycogen and build its fat from carbohydrate seemed desirable. Part I of this communica- 
tion presents experiments on the breakdown and synthesis of glycogen by adipose tissue; 
Part II summarizes experiments on the respiratory activity and respiration quotient of 
normal and hunger-fat in the absence and presence of carbohydrates. 


MrETHODS 


Animals. In the enzyme experiments adipose tissue from ordinary rats, but in a few 
cases also rabbit, dog and human adipose tissues, were used. Both brown interscapulary 
and white ordinary fat have been tested. In measurements of respiration, the fat tissue 
used was from rats which had been maintained for about a week to a loss of 20% body 
weight on a starvation diet. Glycogen-fat was obtained from rats, which after being 
fasted received a meal rich in carbohydrate [Tuerkischer & Wertheimer, 1942]. 

Adipose brei. Adipose brei was prepared by removing adipose tissue from the freshly 
killed animal and macerating with scissors. The tissue was kept cold meanwhile on ice. 
For respiration experiments the fat tissue was suspended in phosphate-Ringer to wash 
away the blood, dried on filter papers and then minced with scissors. 

Adipose extract. Adipose extract was obtained by addition of 1-5 parts ice water to 
brei, shaking and centrifuging after 15-20 min. 

Phosphorylase eluate. Phosphorylase was isolated from adipose extract according to 
the method used by Cori et al. [1939], by shaking extract with Al(OH), Cy, centrifuging, 
and after rinsing the sediment with cold water, eluting for 1 hr. at room temperature with 
0-5 vol. of 0-25 M solution of Na glycerophosphate. 

Substrates. The glycogen used was prepared from rabbit liver by the method of 
Somogyi [1934], and was free of N and P. 

Glucose-1-phosphate (Cori ester=c.E.) was used in the form of the dipotassium salt 
and was prepared enzymically from starch by the action of potato juice as described by 
Hanes [1940]. 

Muscle adenylic acid was obtained from Laocoon Comp., Lwow. 

Analytical methods. Glycogen was determined by the method of Pfliiger. Phosphate 
was measured according to Fiske & Subbarow [1925]. 

Cori ester was measured by hydrolysis at 100° in N H,SO,.for 10 min. The increase in 
inorganic phosphate was assumed to be the equivalent of the amount of c.z. Labile esters 
other than c.£. were not present in our mixtures. 

Amylase activity was followed (a) by determination of the glycogen loss, (6) by estima- 
tion of the increase in reducing power in deproteinized solutions using the reagent de- 
scribed by Somogyi [1937] for sugars with low reducing power. 

( 232 ) 
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Glucose in the mixture was determined according to the method of Somogyi for glucose 
assay in the presence of maltose. 

The products of the action on.glycogen were determined by fractional precipitation with 
different mixtures of alcohol and ether as described by Somogyi [1938]. 

Lactic acid was determined according to Lieb & Zacherl [1932], and pyruvic acid 
according to Clift & Cook [1932]. 

The O, consumption and the respiratory quotient (R.Q.) of adipose tissue were measured 
by the direct method of Warburg; the latter is therefore the apparent B.Q. 

Technique. Mixtures were incubated at a temperature of 37° and shaken except at 
sampling. Glycogen synthesis. was effected at room temperature. 


RESULTS 
I. Breakdown and synthesis of glycogen by adipose tissue in vitro 


(a) Phosphorylysis of glycogen by adipose tissue (Table 1). Adipose fat, as may be 
seen from Table 3, shows considerable amylase activity. This enzyme accounts for the 
main loss of glycogen from adipose tissue or from a mixture of adipose extract and 


glycogen solution. 
Table 1. Phosphorylysis of glycogen by bret and aqueous extract of adipose tissue 


The indicated quantities of adipose brei were shaken with 2 ml. phosphate buffer pH 7-2 containing 5% 
glycogen and M/20 NaF at 37°. Enzyme action was stopped by addition of 1 ml. 25% trichloroacetic acid. 


Inorganic phosphate after 
Decrease of P,O,, mg. 10 min. hydrolysis N HCl 
A A 





c a 


Weight of Initial amount After After At beginning After 
Kind of fat fat, g. of P,O;, mg. 2 hr. 3 hr. of incubation 3 hr. 


White fat of rats 0-5 5-06 0-56 0-62 5-00 5-04 
. 0-6 4-90 —_ 0-46 4-90 4-84 
Brown fat 0-3 5-18 1-46 _— — — 
Experiments with aqueous extract (1-0-6 ml. extract and 2 ml. buffer) 
mil. 2 hr. 4 hr. 


White fat 1-0 5: 0 0 
Brown fat 0-6 4:78 0-44 — 


Using rat adipose brei and glycogen concentrations up to 1% no significant decrease 
in inorganic P could be demonstrated in the presence of NaF. A definite decrease was 
only noticed, as may be seen in Table 1, when a glycogen concentration of 4-5°% was 
employed. It may be noted that Gill & Lehmann [1939] state that amylase inhibits the 
phosphorylysis of glycogen, but that the inhibitory effect can be largely abolished by the 
use of a large excess of glycogen. It may be concluded that the adipose tissue contains 
phosphorylase. : 

The disappearance of inorganic P under the conditions of this experiment is com- 
pletely accounted for as P liberated by hydrolysis of the trichloroacetic acid filtrates with 
N HCl for 10 min. at 100°. The phosphoric ester formed under the conditions of this ex- 
periment is identified by this evidence as glucose-1-phosphate. 

Different results are obtained using muscle or liver tissue. In brei or extract of muscle, 
all phosphorylysed glycogen is converted into hexosediphosphate and glyceric acid 
phosphate; in liver, hexose-6-phosphate is obtained. The different behaviour of adipose 
tissue must be attributed to the absence from this tissue of phosphoglucomutase (see 
Table 2). The same circumstance also provides a partial explanation of the low phosphory- 
lase activity of adipose tissue. In the absence of phosphoglucomutase the equilibrium, 
glycogen = c.E., which has been defined by Cori & Cori [1940] at 90% inorganic phos- 
phate and 10 % c.z. phosphate must be expected to be attained at an early stage. 
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Extract of ordinary adipose tissue, in contrast to adipose brei, failed to eflect a decrease 
of inorganic phosphate within an incubation time up to 4 hr. 

Brown interscapulary fat of rats differs in activity from white adipose tissue, and 
phosphorylyses glycogen with a markedly greater velocity. Calculated to fresh weight its 
activity equals one-half that of liver. Both extract and brei of interscapulary fat were 
active. 

(6) Phosphoglucomutase and phosphatase. Muscle and liver brei and their extracts 
rapidly convert glucose-1-phosphate into. glucose-6-phosphate with the aid of phospho- 
glucomutase. In liver a phosphatase liberates inorganic phosphate from c.£. either directly 
or after conversion of the latter into Robison ester (R.£.). In view of the results reported 
under (a) it seemed important to ascertain whether adipose tissue too could convert 
glucose-1-phosphate in this manner (Table 2). 


Table 2. Breakdown of Cori ester by adipose tissue 


1-0 g. adipose brei or 1-0 ml. adipose extract were shaken with bicarbonate buffer pH 7-2 containing 20 mg. 
dipotassium salt of glucose-1-phosphate in the presence and absence of M/20 NaF at 37°. Enzyme action was 


stopped by addition of 0-5 ml. 25% trichloroacetic acid. 
ene phosphate after 10 min. 


oe phosphate, mg. P.O; hydrolysis 





Cone. of At be beginning of * ian After At beginning of After After 
Kind of fat NaF incubation 2 hr. 5 hr. incubation 2 hr. 5 hr. 


White M/20 0-9 0-91 0-91 7-0 — 7-90 
0 7 0-59 — 0-63 — — 
Brown (0-45 g.) M/20 1-9 1-50 — 7-90 5-95 
Experiments with extract 
White . M/20 0-90 0-8 —_ 7-90 
0 1-55 1-25 — — — 

Table 2 shows clearly that brei and extract of white adipose tissue do not contain even 
traces of glucomutase. Both in the presence and absence of NaF, c.£. added to brei or 
extract remains unchanged even after prolonged incubation periods. 

Brei of brown adipose tissue in contradistinction to white adipose tissue converts C.E. 
into R.E. Brown interscapulary fat must therefore be concluded to contain phospho- 
glucomutase. This finding offers a ready explanation of the greater ability of brown fat 
to esterify inorganic phosphate on incubation with glycogen in the presence of NaF. 

(c) Synthesis of glycogen from glucose-1-phosphate. The Na glycerophosphate eluate 
of adipose tissue extract prepared as prescribed by Cori was found still to contain amylase. 
Demonstration of ability to synthesize glycogen is made difficult by this circumstance, as 
glycogen formed in this preparation would be removed by diastatic action. The eluate 
alone was found to be inactive towards c.E., but liberated inorganic phosphate from this 
substrate when glycogen and adenylic acid of muscle were added [cf. Cori et al. 1939]. 
Under suitable conditions (high concentration of c.£., reduced concentration of glycogen 
permitting increased accuracy in glycogen determination) it has been possible to demon- 
strate an increase of glycogen in these mixtures equal to 50°, or more of the amount of 
glycogen initially present. Adipose tissue does not contain a phosphatase which is capable 
of acting on Cori ester. Moreover, it is most unlikely that such a phosphatase, even if 
present in the tissue, would be recovered in the eluate. It seems proper to conclude there- 
fore that the amount of c.z. decomposed by the eluate with liberation of inorganic phos- 
phate is equivalent to the amount of glycogen formed but at the same time in large part 
removed. In experiments with rat liver a similar discrepancy between the amount of 
glycogen accumulated and the amount of phosphate liberated, has been encountered. In 

rabbit liver, on the other hand, an exact equivalence between the amount of glycogen 
found and the amount of Cori ester used up appears to be the rule. It has been pointed: 
out by Cori et al. [1939] that rat liver in contrast to rabbit liver contains much amylase. 
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Table 3 indicates the course of synthesis of glycogen from c.z. by an enzyme solution 
prepared from white adipose tissue of young and old rats, of old rabbits, of 1-day-old 
rabbits and of human fat. The figures for synthesis are calculated from the amount of 
inorganic phosphate liberated. The increase of glycogen over the initial value is also given. 
The experiments summarized in Table 3 show that the activity of eluates from adipose 
tissue of young animals is greater than that of the eluates of adipose tissue from adult ones. 


Table 3. Synthesis of glycogen from Cori ester by phosphorylase 
eluate of adipose tissue 
To 2/3 ml. eluate was added 1/3 ml. of a solution in N/10 H,SO, made to give a final concentration of 


10-20 mg. dipotassium salt of glucose-1-phosphate, 0-4 mg. muscle adenylic acid, and 100-500 mg. per 
100 ml. glycogen per ml., at pH 7-0. Incubation was at room temperature. 


% glucose-1-phosphate converted into glycogen, 





Cone. of calc. from the amount of iriorganic phosphate 
glycogen in Amount of formed after min. 
mg.per dipotassium A - 

Kind of fat 100 ml. salt of c.E. 15 30 60 90 120 

White fat of young rats (a) 500 10 11-6 24-2 32-8 34-4 — 
500 10 11-5 18-4 35-2 46-0 49-0 

White fat of old rats (b) 500 10 4-0 9-5 30-0 — _— 
Rabbit fat 500 10 3-0 7-0 13-0 — — 
Embryonic rabbits fat (c) 500 10 36-2 56-0 — — 


20-4 


Human fat 500 10 3 3 —- 16-0 








% c.E. converted 
into glycogen calcu- Increase of glycogen amount 


lated-as above after over initial value after min. 
A 





min. ane meaey 
——— — 0 (initial 
30 60 ~~ value) 30 -60 
White fat of rats 100 20 75 10-5 0-95 0-45 0-52 
100 20 5-0 8-1 0-93 — 0-70 











(a) Young rats of 50-80 g. body wt. (5) Old rats of 180-250 g. body wt. (c) One-day-old rabbits. 








A singular result was obtained with adipose tissue of 1-day-old rabbits. Such tissue is 
brown as is the interscapular fat of rats. The activity of eluates from embryonic rabbit 
adipose tissue greatly exceeded that of eluates from other investigated kinds of fat tissue. 
The most active adipose tissue is always the brown adipose tissue. Eluates from adult 
rabbits and human white adipose tissue are roughly of the same small activity as that of 
adult rats adipose tissue. 

The polysaccharide which adipose tissue/enzyme forms from c.£. differs in iodine 
reaction from glycogen. Iodine gives with our polysaccharide a reddish blue colour similar 
to that found with the polysaccharide formed by heart enzyme [Cori et al. 1939]. 

(d) Amylase and the products of its activity. As has been mentioned, adipose tissue 
contains an active amylase; on incubation of adipose brei or extract with glycogen solu- 
tion at pH 7-2 and 37° in phosphate buffer the amount of glycogen which disappears is 
far in excess of that accounted for by phosphorylysis. The reducing power of the incubated 
mixture is considerably less than is expected on the assumption that maltose or glucose 
is the product, formed by amylase activity. On hydrolysis in N H,SO, for 1 hr., the 
amount of glucose liberated is equal to that obtained on hydrolysis before incubation. 
Detailed analysis of the reaction products, using the fractionation method of Somogyi 
[1938] and determination of the’ratio of reducing power before hydrolysis to reducing 
power after hydrolysis in the various fractions, showed that the reaction products consist 
of a mixture of low polysaccharides, mainly trisaccharides, and only a small amount (5 %) 
of glucose and maltose (Tables 4 and 5). 
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Table 4. Glycogen cleavage by fat extract (amylolysis) 


Fat extract obtained from a mixture of one part fat brei and two parts water. 1 vol. of glycogen solution 
in phosphate-Ringer was added to 2 vol. of the extract. 


Glycogen Reducing power* of filtrate 
Initial Incuba- after —_—_—_—__—_ 
Vol. of extract glycogen tiontime incubation (a) Before (6) After 
in ml. mg. hr. "Ing. hydrolysis hydrolysis Ratio b/a 


1 16-5 3 5 2-44 9-61 3-90 
10 150 3 56-25 48 154°5 3-2 
15 300 20 0 81-2 305 3°75 
20 450 20 Traces 123 400 3°25 


Total carbohydrate 
ae appana sot — 
Before After 
incuba- incuba- 

tion tion 


0-5 g. fat brei “0: ‘ 1-74 0-357 Bi 4-94 4-76 
in 2 ml. Ringer 
* Calc. as glucose. 


Table 5. Fractionation of low polysaccharide products according 
to Somogyi (reducing power calculated as glucose) 
(a) (6) 


Reducing power Reducing power 
Fraction before hydrolysis after hydrolysis Ratio b/a 
1. Precipit. by: 60% ale. 276 By 
2. a 9 ale. : 3 ether f 394 : 
3. ss 9 alc. : 10 ether “2: 70-0 “56 
4. a 9 alc. : 20 ether 37-6: 67-5 
5. Supernatant liquid 38. 51-5 


II. Respiration and R.Q. of adipose tissue 


The experiments considered below were each carried out with 0-3 g. fat brei in 2 ml. 
phosphate-Ringer. The time between removal of the fat from the body and the actual 
beginning of respiration measurement was about 3 hr. Total values obtained were always 
rather low, and it was therefore of some importance to correct the result for the amount 
of CO, initially present. All data given refer to 0-3 g. fresh weight of adipose tissue per hr. 
Recalculation to a basis of fat-free dry matter, being clearly open to criticism, was not 
attempted. Reference to a basis of N content was likewise rejected, as the N of adipose 
tissue may show appreciable variations. As absolute values were not needed, reference 
to a fresh-weight basis was regarded as satisfactory. 

Considerable fluctuations were found in different experiments of the same series. This 
was partly due no doubt to differences in the fat content of different lots of adipose tissue. 

(a) Respiration and R.Q. of hunger-fat and glycogen-fat in Ringer solution. Hunger- 
fat. The O, consumption of hunger-fat fluctuated between 24 and 45,1. and in 22 experi- 
ments averaged 371. Corresponding fluctuations were observed in the R.Q., which ranged 
between 0-42 and 0-78 and averaged 0-64 (Table 6). 


Table 6. Glycogen concentration, O, consumption and R.Q. of 
different kinds of fat 


Kind of fat Glycogen in fat % Resp. rate 
Hunger-fat = 37- 
Glycogen-fat Before 0-35 55 

After . 0-07 
Glycogen-fat with addition of Before 0-33 50 
M/50 hexoate or butyrate After 0-11 
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The low R.Q. values are most easily explained by the assumption of an incomplete com- 
bustion of fatty acids. Acetone bodies were not found however. Individual cases in 
which a higher R.g. was noted may be explained by the parallel combustion of sugar 
traces. In such cases the quotient drops to lower values in the 2nd hour of the measure- 
ments. Addition of N/1000—N/2000 KCN generally inhibits respiration by about 75%. 
Monoiodoacetate affects the respiratory quotient of glycogen adipose tissue only when 
respiration itself becomes affected. Exposure to 100° for 10 min. suppresses the respira- 
tion of adipose tissue almost completely. 

If to a suspension of starvation adipose tissue 0-25 % glucose is added, an appreciable 
increase in the R.Q. is uniformly noted. Addition of glycogen in equal concentration to the 
suspension of fat tissue is without effect on the metabolism. On addition of pyruvate, 
0, consumption is increased and the 8.Q. rises to 1-25, i.e. to values which correspond to 
an exclusive pyruvate respiration. Addition of Na lactate, on the other hand, is without 
effect (Table 7). During the incubation time of the Warburg measurements, pyruvate was 


Table 7. Influence of addition of different substances on 
respiration and R.Q. of hunger fat 


No. of exp. Addition Resp. rate R.Q. 
BOs. 0 41-7 0-62 
9 0-25 % glucose 46-6 0-79 
0-25% glycogen 33-4 0-60 
8 0 38-7 0-633 
8 M/50 pyruvate 51-0 1-25 
5 M/50 lactate 33-4 0-68 


found to disappear in small amounts, but the concentration of lactate remained practically 
unchanged. In one experiment, for instance, the concentration of pyruvate decreased, 
from an initial value of 3-97 to 3-64 mg. after 1 hr., and to 3-48 mg. after 3 hr. In a second 
experiment the concentration of pyruvate was decreased from the same initial concentra- 
tion to 3-34 mg. after 1 hr. Lactic acid, on the other hand, was found in one experiment 
to be 3-64 mg. at the outset and 3-82 mg. after 1 hr., and in a second experiment 3-82 mg. 
at the outset and 3-74 mg. after 2 hr. 

Glycogen-fat. The O, consumption of glycogen-fat is considerably increased as com- 
pared with starvation fat (55yl. as against 37 yl.) and its R.Q. is higher. Values exceeding 
unity were obtained in 10 out of the 20 experiments performed, the remainder ranging 
between 0-90 and 1-0 except for a single case in which a R.Q. of 0-75 was recorded. It 
should be noted that the above high quotient values are only found during the Ist hour 
of incubation; in the 2nd and later hours, the quotient values show a rapid fall. In one ° 
typical case, the R.Q. was 1-14 during the Ist hour, 0-89 during the 2nd hour and 0-83 
during the 3rd hour. In a second case, the values found were 1-28 during the Ist hour, 
and 0-83 during the 3rd hour. The increased respiratory quotient of glycogen-fat is 
specifically depressed, however, by addition of M/50 hexoate, butyrate, or propionate. 

The amount of lactic acid produced in glycogen-fat is remarkably small. 1 g. of glycogen- 
fat incubated for 3 hr. produced no more than 0-8 mg. lactic acid under anaerobic condi- 
tions, and only 0-5 mg. lactic acid under aerobic conditions. Such amounts may be 
regarded as functionally negligible. The amount of lactic acid formed under aerobic and 
anaerobic conditions from added glycogen by starvation adipose tissue is likewise 
negligible. On glucose addition, on the other hand, an average of fully 1 mg. of lactic acid 
was formed in five experiments under anaerobic but otherwise similar conditions. 

Calculations from the respiration values show that the total amount of glycogen 
oxidised is very-small. During incubation in the Warburg apparatus the glycogen is 
largely decomposed by adipose amylase. It seemed permissible to suppose that the 
observed drop in the respiratory quotient was due to the conversion of glycogen by amylase 
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into non-fermentable products which cannot be utilized by adipose tissue. By a fortunate 
coincidence an adipose tissue was found which contained a considerable amount of glycogen 
and was unusually poor in diastase activity. Adipose tissue of this kind is constituted by 
the mesenteric adipose tissue of dogs which after being fasted for 8 days are placed 
for 1-2 days on a diet high in carbohydrates. The R.Q. of this tissue generally remains 
greater than 1 throughout the Ist hour of incubation (Table 8) but falls subsequently. 
Nevertheless, the amount of glycogen broken down even after 2-3 hr. incubation was 
hardly greater than that accounted for by the respiration values. In one typical experi- 
ment (no. 3), for instance, the R.Q. for the 1st, 2nd and 3rd hours respectively were 1-14, 
0-89 and 0-83. The amount of glycogen found after 3 hr. incubation was still 0-77 % as 
against an initial concentration of 1-00 %. It is therefore necessary to ascribe the observed 
drop in R.Q. to the great lability in Krebs-Ringer milieu of an essential enzyme com- 
ponent. 
Table 8.. Respiration and R.Q. of dog mesenteric fat 
Glycogen Glycogen Glycogen Glycogen 


initial value after 1 hr. after 2 hr. after 3 hr. 
% % % %0 pl. O,/0°3 g./hr.* 
1-08 0-916 — 101-5 
0-85 0-69 0-55 87 
1-00 0-91 0-80 ° 95 
0-60 0-495 ~ 0-44 48-5 
(Total carbo- 0-66 0-60 0-54) 
apne * Ist hour only. 

(b) Respiration and r.Q. of adipose tissue in serum. The question arose whether the 
labile path of breakdown which entails an increase in the R.Q. might be better preserved 
under more nearly physiological experimental conditions. Previous experience suggested 
the advisability of testing the effect of serum as the medium. Accordingly, adipose tissue 
was suspended in rabbit serum as prescribed by Warren [1940]. Under the conditions 
selected glycogen-fat showed a markedly increased rate of O, consumption and a quotient 
which far exceeded 1. The average O, consumption found in 10 experiments was 115; the 
average R.Q. found in the same series was 1-27. Under the conditions of these experiments 
moreover, the enhanced R.Q. is maintained for many hours, and where the initial R.Q. is 
relatively low it may actually increase during incubation. Typical experiments illustrating 
these results are presented below (Table 9). 


Table 9 


Ist hr. 2nd hr. 3rd hr. 
et | egestas 
Resp. .Q. Resp. R.Q. Resp. R.Q. 
73 54 1-22 51 
113 : 106 1-58 102 
212 194 1-67* 


* 13 hr. experiments. 


With hunger-fat also, the serum medium was found to produce an enhanced respiration 
rate and an increased R.Q. which frequently rose during incubation to values greater than 
unity. When glucose (0-3°%) was added to serum, the R.Q. exceeded unity in the first 
hours of the measurements (Table 10). 

Table 10 
Ist 14 hr. 2nd 1} hr. 


some 


co fn nae 
Resp. R.Q. Resp. 
105 1-30 87 
142 1-19 112 
130 1-19 120 
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The sugar concentration in serum gradually decreases during incubation. A series of 
experiments on hunger-fat was carried out using serum which had been treated with yeast 
to remove glucose and then rendered free of added yeast, by centrifuging and filtration 
through a Berkfeld filter. The average values of 8 such experiments in serum without 
glucose are tabulated below: 

Hr. Resp. R.Q. 
Ist 58 0-78 
~ 2nd 53 0-74 
3rd 47 0-72 

It will be seen that the values found under these conditions are greater than are ob- 
tained in Ringer, but that the increase noted is of an order which might be due to the 
variation of the medium. On prolonged incubation, the values show a gradual decrease. 


Discussion 


The phosphorylysis of glycogen by adipose brei and the separation of an enzyme solution 

» from adipose tissue which catalyses the synthesis of glycogen from c.£. shows that this 
tissue can form and break down glycogen. Adipose tissue is not therefore merely a passive 
source of stored fat as has hitherto been supposed, but an active organ with a specie 
carbohydrate metabolism. 

The phosphorylytic breakdown path followed in adipose tissue is different from that of 
muscle and liver. Adipose tissue lacks phosphoglucomutase which converts glucose-1- 
phosphate into glucose-6-phosphate and also lacks the enzyme which converts C.z. into 
glucose. It seems likeiy therefore that the equilibrium glycogen = Cori ester is not a link 
in the lactic acid or glucose-forming reaction chains of adipose tissue. 

It has been shown in experiments described under (II) above that adipose tissue is 
capable of converting glucose into lactic acid in vitro, and that some accumulation of 
lactic acid occurs when adipose tissue is incubated in the presence of its own glycogen. 
The latter phenomenon may be due to the formation by amylolysis of a small amount of 
glucose, during incubation. The possibility that phosphorylysis constitutes an inter- 
mediary reaction in the synthesis of fat from carbohydrates remains to be examined. 

The main products of the action of adipose diastase in vitro appear to be low poly- 
saccharides which are resistant to further action by adipose tissue. The question arises. 
whether adipose diastase plays a significant part in the metabolism of adipose tissue. 
Cori et al. [1939] and Lee & Richter [1939] have concluded that in liver amylase does not 
play a significant part in the formation of glucose (blood sugar). 

A point of interest is the observed difference in enzyme content between ordinary white 
and brown interscapular adipose tissues of rats. Differences in vivo between brown and 
white adipose tissue have previously been noted [Tuerkischer & Wertheimer, 1942]. 
Experiments described above show that brown fat, unlike ordinary white fat, contains 
phosphoglucomutase. Brown adipose tissue must therefore be grouped together with 
other tissues which follow the glycogen breakdown scheme suggested by Cori e¢ al. [1939]. 

The experiments under (II) above, show that the respiration and R.Q. of hunger-fat in 
Krebs solution are very low. On the other hand, adipose tissue which has accumulated 
glycogen due to recovery feeding, uniformly shows relatively higher respiration values, and 
a R.Q. which is near to or greater than unity and under favourable conditions is uniformly 
greater than unity. In recovery feeding on a high-protein diet, glycogen is not deposited 
in the adipose tissue and the R.Q. remains at the original low value. An adipose R.Q. 
greater than 1 is only found, therefore, where the existence in adipose tissue of a process 
may be suspected whereby carbohydrate is converted into fat. 

Scoz [1932] carried out Warburg manometric experiments on adipose tissue. An 
abstract of his paper indicates that this author obtained R.Q. values of 1 or ca. 1 with 
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normal or hunger-fat suspended in phosphate-Ringer. The values indicated are so ab- 
normally high as to be hard to reconcile with our own experiments. Initial values 
which were always greater than 1 were, however, found by Scoz after recovery feeding, 
Ruska & Quast [1935] state that the R.Q. of adipose tissue is frequently high, and found 
both respiration and glycolysis to be particularly high when brown fat was used. Henle 
& Szpingier [1936] found a R.Q. of 0-75 for normal fat and an increase over this figure when 
glucose and pyruvate were added. 

If glycogen or lactate are added to hunger-fat in vitro no effect on the respiration rate 
or R.Q. is evident. On addition of glucose the R.Q. in Ringer medium rises but remains 
well below 1. A uniform increase of 8.Q. to values near 1-25 is only obtained on addition 
of pyruvate. It might be thought, therefore, that pyruvate oxidation is the cause of the 
high R.Q. values shown by glycogen-fat. Pyruvate, however, could in no case be isolated 
from adipose tissue as a product of glycogen breakdown. The high R.Q. of glycogen-fat, 
moreover, could be specifically depressed to low values by addition of fatty acids such as 
hexoic and butyric acids which had no influence on pyruvate oxidation. It has been shown 
furthermore that the specific glycogen breakdown path involving a high R.Q. is unstable 
in Ringer solution. 

The R.Q. and respiration rate of glycogen-fat in Ringer tend already to fall after 1 hr. 
incubation. This fall also takes place when, as in the case of mesenteric fat, adipose 
glycogen is still abundantly present. No decline of the high R.Q. of pyruvate oxidation 
occurs within this time. In serum, the R.Q. of pyruvate oxidation remains unchanged, 
whereas that of adipose glycogen suffers a marked increase. A direct relationship between 
pyruvate oxidation and the enhanced k.Q. of glycogen-fat must therefore be regarded as 
improbable. 

If Krebs solution is replaced by serum the conditions for glycogen breakdown by adi- 
pose tissue become decidedly more favourable. In serum medium, the R.Q. values found 
are uniformly greater than 1, and the high quotients are maintained for many hours, and 
may even show an increase. Under the same conditions, but never in the absence of 
serum, it could be demonstrated further that glucose breakdown too shows R.Q. values 
greater than 1, which are maintained for several hours. 

The total amount of glycogen which disappears from glycogen-fat during the Warburg 
experiments is far greater than that fraction of the glycogen loss which can be related to 
the amount of O, consumed (0-1—0-2 mg. in 1-2 hr.). The major portion of the glycogen 
broken down is converted into stabilized polysaccharides which are of no immediate 
interest in the present connexion. Where the O,-consuming breakdown process is very 
slow, as in the experiments reported above, the isolation of intermediary or end-products 
of this breakdown is a task of extreme difficulty. The high R.Q. shows, however, that adi- 
pose glycogen or added glucose are converted by adipose tissue into products of low 
oxygen content, probably into fatty acids. 


SUMMARY 
Adipose tissue phosphorylyses glycogen. The product of glycogen phosphorylysis by 
adipose brei is Cori ester. 

Ordinary white adipose tissue of rats lacks phosphoglucomutase. Brown interscapular 
adipose tissue of rats contains this enzyme. 

An enzyme solution which synthesizes glycogen from glucose-1-phosphate is obtained 
from adipose tissue extract using the procedure worked out by Cori. There is a marked 
difference in synthetic activity between eluates of young and old animals. The greatest 
activity is found in eluates of embryonic fat tissue. With advancing age, the synthetic 


activity falls. 
In addition to phosphorylase, adipose tissue contains amylase. In vitro the latter 


converts glycogen into low polysaccharides (trisaccharides) which are not fermentable.” 
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Only a small part of the total amount of glycogen broken down by diastase is accounted 
for as glucose. 

Respiration experiments with adipose tissue in vitro showed the following facts. 

Hunger-fat suspended in phosphate-Ringer under specified conditions consumes oxygen 
at a variable rate. The average O, consumption was 37yl./hr./0-3 g. of fresh tissue, the 
average R.Q. was 0-64. 

Glycogen-fat obtained after recovery feeding shows an average rate of O, consumption 
of 53yl./hr. and an average R.Q. of 1-05. This heightened rate of O, consumption and the 
high R.Q. were transient under the conditions of these experiments and tended to fall 
after 1-2 hr. 

Addition of glucose to hunger-fat increased the average R.Q. to 0-79. 

Addition of glycogen or lactic acid did not affect the R.g. Addition of pyruvic acid 
increased the respiration rate to 51 and the R.Q. to 1-25. 

In serum as medium, the O, consumption and B.Q. values of hunger-fat are 55 and 0-78 
respectively. With added glucose, the corresponding average values are 65 and 1-15. 

Glycogen fat, in serum mediuin, produces an O, consumption rate of 115 and a R.Q. of’ 
1-27. In serum, the enhanced respiratory quotient of glycogen-fat is maintained for many 
hours and may even rise to 1-6. 

Only a small fraction of the glycogen lost during incubation in the Warburg experi- 
ments is accounted for by the amount of O, consumed. The greater part of the glycogen 
loss is recoverable as non-fermentable tri- or polysaccharide. 


The author is greatly indebted to Prof. E. Wertheimer for his interest and guidance in 
this investigation. 
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Penicillium stipitatum Thom was described as a new species by Emmons [1935]. It grows 
well on the ordinary solid culture media giving yellow, orange or even reddish orange 
colonies. The most marked morphological characteristic of the fungus is its very free 
production of yellow ascocarps. 

We have found that when this species is grown on the well-known Czapek-Dox solution 
the metabolism solution gives a characteristic deep red colour with ferric chloride. The 
metabolic product which is responsible for this colour has been isolated in considerable 
yield and, since it has not been described previously, we propose to name it stipitatic acid. 

Stipitatic acid, C,H,O;, forms cream-coloured needles, M.P. 302-304° (decomp.). It is 
optically inactive, contains no C-methyl group and has three active hydrogen atoms 
(Zerewitinoff). It titrates as a dibasic acid, the neutral aqueous solution of the disodium 
salt being deep yellow in colour. It forms two different but isomeric diacetates, one with 
acetic anhydride and anhydrous sodium acetate, the other with acetic anhydride and 
conc. H,SO,, both of which are soluble in aqueous sodium acetate. The former titrates as 
a monobasic, the latter as a dibasic, acid. The following crystalline and well-defined 
derivatives of stipitatic acid have also been prepared. 

(a) Two isomeric trimethyl derivatives (mol. wt. 240-246. Theor. for C,H,0,. 
(OCH,),=224) which are formed by the action of diazomethane in ether. These are both 
neutral substances and are insoluble in cold dilute aqueous NaOH. 

(b) A dimethyl derivative which is formed either by heating stipitatic acid with 
methanol containing 3°% HCl or by treatment of its disodium salt with methyl iodide. 
This derivative is readily soluble in dilute NaOH -but insoluble in NaHCO,. 

(c) A monomethy] derivative which is formed by treating the acid with methyl sulphate 
and. KOH (excess) in methanol. This derivative titrates as a dibasic acid. 

(d) Monobromostipitatic acid, C,H;0,Br, a dibasic acid which gives a neutral trimethyl 
derivative with diazomethane. 

The formation of the above derivatives proves the presence in stipitatic acid of two 
hydroxyl groups and indicates the probable presence of one carboxyl group. The presence 
of one carboxyl group was established by heating stipitatic acid with copper chromite and 
quinoline, a method commonly used for the decarboxylation of carboxylic acids [Adkins 
& Connor, 1931; Kinney & Langlois, 1931]. One molecule of CO, is evolved and a 
substance, C,H,O,, is formed which titrates as a monobasic acid and gives a striking blood 
red precipitate with FeCl,. It is thus clear that, of the five oxygen atoms present in 
stipitatic acid two are in the form of hydroxyl groups, one of which has more strongly 
developed acidic properties than the other, and two as a carboxyl group. 

The function of the remaining oxygen atom did not become clear for some time since 
tests with a large number of reagents for aldehyde and ketone groups which were carried 
out on stipitatic acid and on a number of the derivatives mentioned above gave uniformly 
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negative results. Paradoxically, however, positive tests for a ketonic group (though still 
negative for an aldehyde group) were obtained on the mixture of substances produced 
by the reduction of stipitatic acid either at room temperature with hydrogen and platinum 
oxide or by boiling with zine and glacial acetic acid. One of the products of the catalytic 
reduction of stipitatic acid is a tetrahydrostipitatic acid, C,H,gO;, which was isolated as 
the mono-2:4-dinitrophenylhydrazone and the main product of the reduction with zine 
and acetic acid is a ketone, C,H,O, which was also isolated as a mono-2:4-dinitropheny]- 
hydrazone. Hence it follows that the fifth oxygen atom in stipitatic acid is present as a 
masked ketonic group giving none of the typical ketonic reactions but becoming unmasked 
on reduction and then reacting in a normal fashion. A fact of some potential importance 
in relation to the structural formula for stipitatic acid is that the total titratable acidity 
of the products of the catalytic reduction of stipitatic acid is only half that of stipitatic 
acid itself, although no CO, is formed during reduction. 

Finally, perhaps the most surprising reaction of stipitatic acid is the ease with which, 
on fusion with KOH, it or its monomethy] derivative is converted, in very good yield, into 
the isomeric 5-hydroxyisophthalic acid, i.e. 5-hydroxy-1:3-dicarboxybenzene. 

It must be admitted that, in spite of the large amount of experimental work which has 
been carried out on this substance, we have been unable up to the present to deduce an 
entirely satisfactory structural formula for it. Amongst other possibilities considered was 
a formyldihydroxybenzene carboxylic acid, C,H,(OH),(CHO)COOH, in which the normal 
reactions of the aldehyde group are masked. Such a compound might be 2-formyl- 
3:5-dihydroxybenzoic acid. This has been synthesized here [Birkinshaw & Bracken, 
1942]. It was not identical with stipitatic acid and gave typical aldehyde reactions. The 
molecular constitution of stipitatic acid must therefore remain for the time being un- 
solved since, because of prevailing conditions, it has become necessary to postpone further 
work on the subject. It would seem, however, that, in spite of its relatively simple em- 
pirical formula, C,H,O;, and the ease with which it can be transformed into a readily 
recognizable isomeric benzene derivative, i.e. 5-hydroxyisophthalic acid, stipitatic acid 
may belong to a class of compounds hitherto not encountered among mould metabolic 
products. Puberulic acid, C;H,O,, a metabolic product of Penicillium puberulum Bainier _ 
and P. aurantio-virens Biourge [Birkinshaw & Raistrick, 1932], the empirical formula for 
which differs from that of stipitatic acid only by one oxygen atom, may also be a com- 
pound of the same type since the two acids show certain similarities in general behaviour 
and offer similar resistance to attempts to elucidate their molecular constitution [Barger 
& Dorrer, 1934]. 


EXPERIMENTAL 
History and description of culture 


We are indebted to our colleague, Mr G. Smith, for the information given in this section. 

Penicillium stipitatum Thom was described as a new species by Emmons [1935]. It was 
isolated from rotting wood in Louisiana and was sent to Dr C. Thom’s laboratory by 
T. C. Sheffer. The culture used throughout this work, L.S.H.T.M. Cat. No. P 199, was 
obtained from the Centraalbureau voor Schimmelcultures, Baarn, Holland in October 
1935 and was derived from Emmons’s original strain. The fungus grows well on all the 
common culture media, at first pale bright yellow, floccose and somewhat funiculose, 
turning duller and often somewhat reddish in age; more or less granular in appearance 
due to the development of numerous perithecia; reverse and medium yellow, then dull 
orange and finally reddish brown. The most marked. characteristic of the mould is its very 
free production of yellow ascocarps. Conidial production, on the other hand, is very 
scanty and is never sufficient to give the colonies any noticeable greenish tint. 
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Cultural conditions 


Batches of 100 1-1. conical flasks were prepared, each containing 350 ml. of Czapek-Dox 
solution, i.e. glucose, 50-0 g.; NaNO,, 2-0 g.; KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO,, 7H,0, 
0-5 g.; FeSO,, 7H,O, 0-01 g.; distilled water, 1000 ml. After sterilization, each flask was 
sown with a spore suspension, in sterile distilled water, of P. stipitatum Thom (L.8.H.T.M, 
Cat. No. P 199, prepared from mature cultures grown on beer-wort agar slopes). We are 
indebted to our colleague, Mr G. Smith, for the preparation of the cultures and the 
inoculation of the flasks. 

The inoculated flasks were incubated in the dark at 24° for about 7 weeks. At the end 
of the incubation period the flasks were uniformly covered with a bright yellow felt which 
was separated from the metabolism solution by filtration, washed, dried and reserved for 
future investigation. The yellow-orange metabolism solution, usually still containing 
about 1-5 % of glucose (by polarimeter) gave a fine deep red colour with a little aqueous 
FeCl, and, with excess of this reagent, a browner colour usually accompanied by deposi- 
tion of a copious brown precipitate on standing. Neutral lead acetate gave a bright yellow 
gelatinous precipitate and a clear, colourless supernatant liquid. 

Details of a number of representative experiments are given in Table 1. 


Isolation and purification of stipitatic acid 


The filtered metabolism solution and mycelium washings from each batch of 100 flasks 
were evaporated in vacuo at 45-50° to about 2 1. The evaporated solution was kept in the 
cold room, until the separation of a yellow-brown solid was complete, usually 2-3 days. 
This solid, which consists essentially of a crude magnesium salt of stipitatic acid, was 
separated by filtration, washed with cold water and ground with successive 200 ml. 
amounts of 2N HCl until substantially free from ash, two or three lots of acid being 
generally required. The ash-free residue consists of crude stipitatic acid. The HCl washings 
were combined with the main filtrate and the mixture, now acid to Congo red, was 
extracted five or six times with 2 |. of ether. The ether extracts were washed with water, 
dried over anhydrous MgSO,, and evaporated to about 1/10 of the original volume when 
crude stipitatic acid separated and was collected. On evaporation to dryness the ether 
mother liquors gave a sticky residue containing very little stipitatic acid. 

The crude stipitatic acids from the magnesium salt and from the ether extract were 
combined and purified by repeated crystallization from boiling water (with norite) about 
100 ml. being required for each g. of crude acid. Pure stipitatic acid was finally obtained, 
in a 50-60 % yield of the crude product, in the form of fine, cream-coloured needles. 

Details of yields obtained in a number of representative experiments, 100 flasks in each 
experiment, are given in Table 1. 

Table 1 
Titration 
N NaOH per Bromine Yield of Yield of pure 
Incubation Glucose by 100 ml. of absorption crude stipitatic 

period polarimeter solution (Koppeschaar) product acid 
days % pH ml. mg. of Br/ml. g. g. 

48 1-49 4-2 3-64 3-21 21 10-5 

50 1-47 4-1 3-74 2-80 21 10-2 

55 1-30 4-0 2-98 2-81 23 13-0 

49 1-56 4-0 3-60 3-93 38 20-0 

48 1-43 4-0 3-80 3-70 30 15-0 


General properties of stipitatic acid 


The purest specimens of stipitatic acid crystallized from water in well-formed needles of 
a definite cream colour. Even on sublimation in a high vacuum at 190° a colourless 
product was not obtained, the sublimate consisting of light yellow needles. When placed 
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in a bath pre-heated to 280° the acid darkens, on further heating, at 295° and blackens 
and melts with evolution of gas at 302-304°. (Found: C, 52-61, 52-62; H, 3-45, 3-22%; 
N, nil; Cl, nil; CH,0, nil; equiv. by titration, 87-6. C,H,O, requires C, 52-73; H, 3-32 %; 
equiv., as a dibasic acid, 91-0.) 

In a duplicate Zerewitinoff estimation carried out in pyridine at 21° and 15° respectively 
the acid gave methane corresponding to 3-3 and 3-0 active H atoms per mol. 

It is optically inactive. 0-2537 g. dissolved in ethanol (25 ml.) gave, in a 2 dm. tube, a 
rotation of —0-01° in the mercury yellow light. It contains no C-methyl group as de- 
termined by the Kuhn-Roth method. 

Stipitatic acid is only slightly soluble in cold water though moderately soluble on 
heating. Its solubility in ethanol is about 1 in 100 at room temperature, but it is almost 
insoluble in benzene and chloroform. It dissolves readily in alkalis, CO, being evolved 
with Na,CO, or NaHCO,, and the neutral aqueous solution of the disodium salt is strongly - 
yellow in colour which makes accurate titration difficult. Curiously enough the acid is 
readily soluble in cold conc. HCl or HNO, and separates unchanged on pouring these 
solutions into water. With cold conc. H,SO, it gives a colourless solution changing, on 
gentle warming, to a deep dirty brown. 

With FeCl, in aqueous solution it gives an immediate deep red colour and then a rusty 
brown precipitate with excess of FeCl,. In alcoholic solution the initial reaction is a deep 
red colour turning brownish green on addition of excess FeCl,. An aqueous solution of the 
acid gives a bright yellow precipitate with lead acetate and a quickly fading deep orange 
colour with bleaching powder solution. 

In spite of repeated attempts to detect aldehyde or ketonic groups in stipitatic acid 
only negative results were obtained. The reagents employed were: Schiff; 2:4-dinitro- 
phenylhydrazine in 2N HCl [Brady & Elsmie, 1926]; cold ammoniacal AgNO,; KI+ HglI, 
[Doeuvre, 1927]; sodium pentacyanoaminoferroate +ammonium hydrosulphide [Feigl, 
1934]; the salicylaldehyde reaction for the —CH,.CO.CH,— group [Taufel & Thaler, 
1932]; no reaction took place on heating with aniline in an attempt to prepare the anil 
of stipitatic acid; no evidence of oxime formation could be obtained. 


DERIVATIVES OF STIPITATIC ACID 
(1) Acetyl derivatives 


(a) With acetic anhydride and sodium acetate. A mixture of stipitatic acid (1 g.) 
anhydrous sodium acetate (2 g.) and acetic anhydride (4 ml.) was heated in an oil bath 
initially at 85° but raised after some minutes to 105° to complete the acetylation. Only 
slight darkening occurred, and after the acid and sodium acetate had dissolved crystals 
soon began to separate. The mixture was cooled, diluted with water (10 ml.) to give a clear 
solution which, on acidification with 2N H,SO, (15 ml.), quickly deposited crystals. These 
were collected, washed with water and dried. Wt. 1-41 g., M.p. 172-5°, unchanged on 
recrystallization from water from which the diacetate separates in cream-coloured needles 
which give only a greenish yellow colour with FeCl, in alcoholic solution. (Found: 
C, 54-06, 54-10; H, 3-85, 3-90; CH,CO, 31-35 % ; mol. wt. in camphor, 308, 327, decomposi- 
tion occurring; equiv. by titration, 265. C,,.H,,O,;, ie. C,H,O,(0.CO.CH;), requires 
C, 54-12; H, 3-79; 2CH,CO, 32:3 %; mol. wt. 266; equiv., titrating as a monobasic acid, 
266.) 

This acetate reacted vigorously with ethereal diazomethane but the reaction product 
was a syrup which was not obtained crystalline. 

(6) With acetic anhydride and conc. H,SO,. Stipitatic acid (0-5 g.) was dissolved in 
3 ml. of a cold mixture of acetic anhydride (10 ml.) and conc. H,SO, (0-5 ml.) and the 
solution was kept at room temperature for 3 days. The resulting pale greenish yellow 
solution was poured into water (15 ml.) and the crystalline precipitate which quickly 
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separated was collected, washed with water and dried. Wt. 0-37 g. This diacetylstipitatic 
acid, which was crystallized from ethyl acetate, forms pale yellow needles, M.P. 176-178° 
(decomp.), depressed to 160-162° on admixture with the diacetylstipitatic acid, Mp. 
172-5°, described in section I (a) above. It gives a pale olive brown colour with FeCl, 
in alcoholic solution.. (Found: C, 54-10, 53-95; H, 3-99, 3-84; CH,CO, 28-7 %; equiv. by 
titration, 128. C,,.H,,O, requires C, 54-12; H, 3-79; 2CH,CO, 32-3 %; equiv., titrating as 
a dibasic acid, 133.) 
Il. Methylated derivatives of stipitatic acid 


(a) Monomethyl derivative. Stipitatic acid (1 g.) was suspended in methanol (10 ml.) 
and to the heated mixture there were added in small amounts and at intervals during 
about 30 min. methyl sulphate (10 ml.) and 20% KOH (40 ml.). The reaction was kept 
permanently alkaline and when all the reagents had been added the mixture was boiled 
for a further 30 min. to hydrolyse any ester present. The cooled solution was now acidified 
with cone. HCl and the precipitated methyl derivative was collected, washed with water 
and dried. Wt. 0-82 g., M,P. 245-255°, raised to 273° (decomp.) (wt. 0-34 g.) by two 
erystallizations from methanol. This monomethy] derivative of stipitatic acid forms cream- 
coloured needles which give a deep reddish brown colour with FeCl, in alcoholic solution, 
almost indistinguishable from, that given by stipitatic acid itself. (Found: C, 54-82, 
54-99 ; H, 4-06, 4-22; CH,O, 15-6, 15-9% ; equiv. by titration, 97-4. C,H,O, requires C, 55-11; 
H, 4-11; 1CH,O, 15-8 %; equiv. titrating as a dibasic acid, 98.) 

During the titration of this derivative with N/10 NaOH to phenolphthalein the solution 
remained almost colourless until half of the final volume of NaOH had been added. It 
then took on a strong yellow colour which remained almost to neutrality. 

(b) Dimethyl derivative. A solution of stipitatic acid (0-5 g.) in methanol (50 ml.) 
containing 3% of HCl was refluxed for 8 hr. There was considerable darkening in colour. 
Most of the methanol was removed by evaporation in vacuo. The residue was diluted with 
water (200 ml.), neutralized by the careful addition of aqueous NaHCO, and the resulting 
yellow, turbid solution was extracted with ether. The washed and dried ethereal extract, 
on removal of the solvent, gave a solid (0-1 g., M.p. 146-148°) which was purified by 
crystallization from methanol giving pale yellowish needles, M.p. 163—165°. (Found: 
C, 57-46, 57-50; H, 4-86, 4-93; CH,O, 28-2%. C,,H,0;, ie. CsH,O,(OCH;). requires C, 
57-12; H, 4-80; 2CH,O, 29-5 %.) 

This dimethyl derivative is insoluble in cold aqueous NaHCO,, readily soluble in 
N NaOH and gives a reddish brown colour with FeCl, in aleohol. The same substance was 
prepared by heating the disilver salt of stipitatic acid with methyl iodide, the identity of 
the two products being evident from the fact that they have the same M.P. and show no 
depression in M.P. on mixing. 

(c) Trimethyl derivatives. An excess of ethereal diazomethane (from 5 ml. of nitroso- 
methylurethane) was added to a suspension of stipitatic acid (1 g.) in a little dry ether. 
The initial vigorous evolution of nitrogen ceased. after about an hour and the methyl 
derivative which separated on the sides of the flask was then collected. Wt. 0-43 g., M.P. 
173-174°. This product which was purified by crystallization from acetone, in which it is 
not very soluble, is referred to as trimethylstipitatic acid A. It forms cream-coloured, 
long needles, M.p. 189-190°. The ethereal filtrate from the crude trimethylstipitatic acid A 
was evaporated to dryness to remove residual diazomethane, washed with a little ether 
to remove a trace of oily material, and the undissolved residue (0-40 g., M.P. 122—139°) was 
purified by crystallization from light petroleum, B.P. 60-80°. Trimethylstipitatic acid B 
separates from this solvent in small, light yellow needles, m.p. 126-128°, unchanged on 
sublimation in a high vacuum at 105°. (Found: (a) On trimethylstipitatic acid A. 
C, 58-82, 58-78; H, 5-52, 5-39; N, nil; CH,O0, 40-4%; mol. wt. in camphor 241, 245. 
(6) On trimethylstipitatic acid B. C, 58-48, 58-62; H, 5-16, 5-27; CH,O, 41-5 %; mol. wt. 
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in camphor, 240, 246. C,,H,.0;, ie. CgH,0,(OCH3), requires C, 58-92; H, 5-40; 3CH,0, 
41-5%; mol. wt. 224.) ‘ 

Neither of these trimethyl] derivatives is soluble in dilute NaOH or gives an appreciable 
colour with FeCl, in alcohol. Neither of them gives a positive test with Schiff, Doeuvre, 
Brady or Feigl’s reagents nor do they reduce ammoniacal AgNO,. 
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Il. onobromostipitatic acid 


Stipitatic acid appears to give a loose addition compound with bromine in aqueous solu- 
tion and does not react with bromine in glacial acetic acid solution. In acetic acid con- 
taining about 20% of water monobromostipitatic acid is formed in good yield. 

A N solution of bromine in glacial acetic acid, in slight excess of the amount required 
for 2 atoms of bromine per mol. of stipitatic acid, was added to a solution of stipitatic acid 
(1-82 g.) in glacial acetic acid (450 ml.). The mixture showed no change in colour after 
2 hr., but on addition of water (100 ml.) the colour quickly became much lighter. After 
a further hour the solution was evaporated to small bulk in vacuo and the yellow solid 
which separated was collected (2-06 g.) and crystallized from methanol. It may also be 
purified, but less conveniently, by crystallization from water. Monobromostipitatic acid 
forms pale yellow blunt-ended needles, M.p. 275°, with blackening and gas evolution. 
(Found: C, 36-90, 37-01; H, 2-06, 1-93; Br, 30-2, 30-4°%; equiv. by titration (poor end- 
point), 124-1. C,H;O;Br requires C, 36-80; H, 1-93; Br, 30-6%; equiv., titrating as a 
dibasic acid, 130-5.) ; 

An alcoholic solution of the acid gives with FeCl, a red colour similar to that given by . 
the parent substance but somewhat deeper in tint. The bromine in the molecule is not 
converted into a form precipitable with AgNO, by either boiling V/4 H,SO, or V/4 NaOH 
but boiling dilute HNO, effects a vigorous oxidation with the formation of HBr. 

Trimethylbromostipitatic acid. Monobromostipitatic acid reacts vigorously with 
ethereal diazomethane to give the trimethyl derivative. Yellow plates ex acetone, M.P. 
175°, which sublime without decomposition in a high vacuum at 130-135° and give no 
appreciable colour with FeCl,. (Found: C, 43-66; H, 3-71; Br, 26-1; CH,O, 30-2 %. 
C,H,O, Br(OCH,), requires C, 43-57; H, 3-66; Br, 26-4; 3CH,O, 30-7 %.) 




















Decarboxylation of stipitatic acid 






A mixture of stipitatic acid (0-5013 g.), copper chromite catalyst (0-2 g.) [Adkins & 
Connor, 1931] and quinoline (7 g.), contained in a small flask fitted with an air condenser, 
was heated in an oil bath. A slow stream of CO,-free nitrogen was passed through the 
apparatus and the issuing gases were bubbled through N/10 aqueous barium hydroxide. 
CO, began to be evolved at a bath temperature of 200° and the bath was maintained at 
220°. After 2 hr. CO, was evolved equivalent to 60%, and after 4 hr. 98% of the theo- 
retical required for the evolution of 1 mol. CO, per mol. of stipitatic acid. The contents of 
the flask were then cooled, acidified with 2N HCl (100 ml.) and extracted with ether. On 
removal of the solvent a solid (0-20 g.) remained which was purified by the addition of 
4-5 vol. of light petroleum to its acetone solution. This treatment precipitated a small 
amount of flocculent material which was separated and rejected, and the filtrate, on 
evaporation to low bulk, deposited micro-crystals, 0-11 g., M.p. 210°, which were sublimed 
twice in a high vacuum at 140°. The cream-yellow sublimate, consisting of small elongated 
plates or flattened needles, melted at 227-228° and gave a striking blood red precipitate 
with FeCl, in aqueous solution. (Found: C, 61-01, 61-05; H, 4:32, 440%; equiv. by 
titration, 132. C,H,O, requires C, 60-85; H, 4-38 % ; equiv., titrating as a monobasic acid, 
138.) The substance gives a bright yellow solution in dilute ‘NaOH. It gives no precipitate 
with 2:4-dinitrophenylhydrazine in 2N HCl. 




















248 J. H. BIRKINSHAW, A. R. CHAMBERS AND H. RAISTRICK 


Potash fusion of stipitatic acid 


A mixture of stipitatic acid (1 g.), KOH (5 g.) and water (2 ml.) was heated in a metal 
bath. The temperature was raised slowly and at 240° (bath temperature) a further 5 g. 
of KOH were added to increase the fluidity of the yellow, viscous mass. The yellow colour 
remained up to 300° when it changed to a light brown but no charring occurred. After 
10 min. at 300° the melt was cooled, dissolved in water and acidified with HCl. On chilling, 
crystals separated (0-36 g., M.p. 275°) and were collected. Treatment of the filtrate is 
described below. The crystals were neutralized with NaOH, the solution decolorized with 
norite and acidified. The colourless crystals which separated proved to be 5-hydroxy- 
isophthalic acid, M.P. 304°, not depressed on admixture with an authentic specimen pre- 
pared from isophthalic acid [Beyer, 1882; Storrs & Fittig, 1870]. Both the fusion product 
and the synthetic specimen gave only a yellow colour with FeCl, in ethanol. (Found: 
C, 52-74, 52-85; H, 3-27, 3-54%. Cale. for C,H,0;: C, 52-73; H, 3-32 %.) 

The identity of the acid was confirmed by methylation with ethereal diazomethane. 
After removal of the solvent and excess of diazomethane the solid residue was sublimed 
in a high vacuum at 75°. The colourless crystalline sublimate of 5-methoxydimethyl- 
isophthalate melted at 109°. A specimen prepared in the same way from synthetic 
5-hydroxyisophthalic acid melted at the same temperature, as did a mixture of the two 
specimens. (Found: C, 58-84, 58-87; C, 5-47, 5-47; CH,O, 40-8 %. C,H,(OCH,)(COOCH,), 
requires C, 58-92; H, 5-40; 3CH,O, 41-5 %.) 

The acid filtrate from the 5-hydroxyisophthalic acid was extracted with ether. The 
ether extract was freed from carboxylic acids by shaking with aqueous NaHCO,. On 
removal of the solvent the small amount of crystalline residue was sublimed. The 
sublimate, colourless needles, M.p. 103°, proved to be slightly impure resorcinol. It gave 
the same colour reactions as resorcinol with FeCl, and with sodium hypochlorite and on 
admixture with resorcinol the M.P. was intermediate between that of the fusion product 
and pure resorcinol, 110°. 

The carboxylic acids extracted by NaHCO, proved to be a further amount of 5-hydroxy- 
isophthalic acid (0-04 g.) and a trace of oxalic acid. 

Fusion of the monomethyl derivative of stipitatic acid (M.P. 273°, 0-25 g., see p. 246) 
with KOH (2-5 g.) and water (1 ml.) for 15 min. at 300-320° gave an almost quantitative 
yield (0-23 g.) of only slightly impure 5-hydroxyisophthalic acid. 

Fusion of monobromostipitatic acid with KOH led to the isolation of about 10% of 
5-hydroxyisophthalic acid together with a complex mixture of acids which were probably 
phenolic in nature. From this mixture small amounts of solids were isolated of varying 
mM.P. and FeCl, reactions (violet-blue and green) none of which were, however, satis- 
factorily characterized. 


Reduction experiments with stipitatic acid 


(1) Catalytic reduction. A solution of stipitatic acid (1 g.) in ethanol (100 ml.) was 
shaken in an atmosphere of hydrogen with 0-2 g. of platinum oxide catalyst [Voorhees & 
Adams, 1922]. The primary quick absorption of hydrogen lasted 40 min. when 4-64 mol. 
H, (corr. for blank) were absorbed per mol. of stipitatic acid. The residual gas in the 
absorption apparatus was bubbled through standard baryta but no CO, was detected. 
The catalyst was removed by filtration. 5 ml. of the clear colourless alcoholic filtrate 
required 2-76 ml. N/10 NaOH for neutralization to phenolphthalein. Since 5 ml. of the 
same solution before reduction required 5-92 ml. V/10 NaOH for neutralization it is clear 
that approximately half of the titratable acidity has disappeared during reduction and 
that this reduction in acidity is not due to the liberation of CO,. On removal of the solvent 
im vacuo from the rest of the alcoholic filtrate there remained an oil which gave negative 
tests with Schiff’s and Doeuvre’s reagents and did not reduce ammoniacal AgNO, but 
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which gave a precipitate with 2:4-dinitrophenylhydrazine in 2N HCl, a strongly positive 
Zimmermann test as modified by Callow et al. [1938], a red colour with sodium nitro- 
prusside and NaOH, and quickly reduced Fehling’s solution in the cold. It seems clear, 
therefore, that the crude reduction product contains a substance or substances which, 
while failing to give reactions typical of a CHO group, does give a’ number of reactions 
typical of a CO group. 

A second experiment, in which 1 g. of stipitatic acid was reduced under conditions as 
nearly identical as possible with those described above (4-7 mol. H, absorbed per g.mol. 
of stipitatic acid), showed that a complex mixture of substances is formed during the 
reduction. The hydrogenated oil (1-04 g.) was divided into neutral and acidic fractions by 
partition between ether and aqueous NaHCO,. The neutral fraction consisted of an oil 
(0-18 g.) which gave a crude 2:4-dinitrophenylhydrazone, M.P. 120-140°, which could not 
be crystallized. The acidic fraction (0-53 g.; equiv. by titration 180, cf. equiv. of stipitatic 
acid, 91) was also an oil. Part of this material was treated with a solution of 2:4-dinitro- 
phenylhydrazine in 2N HCl. The crude yellow dinitrophenylhydrazone (M.p. 175-177°) 
was separated by filtration, washed, dried and extracted with hot benzene. The insoluble 
portion was purified by recrystallization from ethanol when a homogeneous product was 
obtained consisting of fine orange yellow needles, M.p. 218—221° (decomp.), which gave a 
deep red colour with alcoholic NaOH indicative of a monodinitrophenylhydrazone. 
(Found: C, 46-00; H, 4:07; N, 15-5%. C,,H,,0,N,, ie. monodinitrophenylhydrazone of 
C,H,,O; requires C, 45-88; H, 3-86; N, 15-3%.) This product is thus a monodinitro- 
phenylhydrazone of a tetrahydrostipitatic acid, C,H,j0;. Hence it follows that by the 
catalytic reduction of stipitatic acid a CO group, previously inactive towards 2:4-dinitro- 
phenylhydrazine, becomes reactive towards this reagent. 

Catalytic reduction of stipitatic acid with hydrogen, using 5% palladized BaSO, as 
catalyst, was slow. A small yield of an oily reduction product was obtained but this was 
not characterized. 

(2) Zine and glacial acetic acid. Powdered zinc (20 g.) was added over a period of 
1 hr. to a boiling solution of stipitatic acid (2 g.) in glacial acetic acid (400 mol.). The 
heating was then continued for a further 30 min. and the hot solution was filtered. The 
clear filtrate was couied, diluted with water (1 1.) and Brady’s reagent (600 ml.) was added. 
A yellow solid slowly separated and was collected next day. Wt. 1-5 g.; M.p. 120—-140°. 
This crude material, which is a mixture of dinitrophenylhydrazones, was fractionated by 
the addition of light petroleum to its solution in ethyl acetate. In this way the main 
constituent, amounting to almost half of the crude product, was isolated and was purified 
by crystallization from a mixture of pyridine and light petroleum. It was thus obtained 
as fine orange yellow needles, M.P. 188—189°, which gave a red colour with alcoholic NaOH 
indicative of a monodinitrophenylhydrazone. (Found: C, 51-65, 51-70; H, 4-43, 4-37; 
N, 205%. C,.H,.0,N,, ie. monodinitrophenylhydrazone of C,H,O requires C, 52-16; 
H, 4:38; N, 20-3%.) In a second experiment the acetic acid solution from the reduction 
of 1 g. of stipitatic acid was evaporated to low bulk in vacuo and was dried in vacuo over 
solid KOH. A brown uncrystallizable oil was thus obtained which gave a negative 
Schiff’s reaction but a strongly positive Zimmermann reaction. Its solution in aqueous 
NaHCO, became blue on standing. 

(3) Other reducing agents. Stipitatic acid is readily reduced by Clemmensen’s method 
(zinc amalgamated with mercury in 5N HCl), by sodium amalgam at room temperature, 
or by heating with HI and red phosphorus. In each case the reduction product was an oil 
which had an equivalent of 188 in the Clemmensen- reduction product and gave a deep 
blue colour in aqueous NaHCO, with the product from HI and red phosphorus. 
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Oxidation experiments with stipitatic acid 


Attempts were made, with a large variety of oxidizing agents, to isolate identifiable 
products which still contained a considerable portion of the stipitatic acid molecule. All 
these attempts failed since, even with the mildest oxidizing agents tried, deep-seated 
degradation of the molecule took place. Only small fragments of the molecule were 
identified and the results obtained will, therefore, not be given in full detail. 

(1) Aqueous alkaline hypoiodite at room temperature. About 10 atoms of iodine were 
absorbed per g. mol. of stipitatic acid. Much iodoform was produced. 

(2) Aqueous periodic acid at room temperature or at 0°. About 7 atoms of oxygen were 
absorbed per g.mol. of stipitatic acid. When aqueous solutions of stipitatic acid and 
periodic acid are mixed the following characteristic colour changes take place: from 
colourless to amethyst to orange brown to intense iodine brown. No free iodine is present, 
however, as the solution gives no reaction with starch paper. Ether extraction of the 
oxidation mixture led to the isolation of a pungent smelling oil. The only oxidation 
products identified were oxalic acid and glyoxal as the bis-2:4-dinitrophenylhydrazone by 
chromatographic analysis of the mixed dinitrophenylhydrazones (Dr R. A. Webb). 

(3) Boiling 2N HNO,. Vigorous gas (containing CO,) evolution took place. The 
resulting deep yellow-orange solution gave with Brady’s reagent an orange-red precipitate. 
This could not be crystallized but appears to contain a bisdinitrophenylhydrazone as it 
gave a.violet colour with alcoholic NaOH. 

(4) Lead tetraacetate in glacial acetic acid. Only partial oxidation took place owing to 
the sparing solubility of the lead salt of stipitatic acid. 

(5) Dakin’s reagent (alkaline hydrogen peroxide). No reaction at room temperature. 
On warming, the colour darkened to orange brown but there was no evolution of gas and 
85 % of the stipitatic acid was recovered unchanged. 

(6) Ozone in water. Ozonized oxygen was passed for 3 days through a suspension of 
stipitatic acid (0-4943 g.) in water (50 ml.) and then through standard baryta. CO, equi- 
valent to 1 mol./mol. of stipitatic acid was evolved. (Found: 5-38 ml. N acid. Required - 
for 1 mol. CO,, 5-43 ml. V.) The titratable acidity of the clear solution, initially 5-43 ml. 
N, increased to 9-24 ml. N, after ozonization. About 25% of the titratable acidity 
(9-24 ml. NV) consists of volatile acids and 75% of non-volatile acids of which half was 
isolated as oxalic acid. Malonic acid also appeared to be present. 

(7) Ozone in ethyl acetate. The only breakdown product identified was oxalic acid 
(dihydrazide, M.p. and mixed M.P. 240-242°). There was also present an unidentified 
ketonic substance giving a bisdinitrophenylhydrazone. 


Oxidation experiments with derivatives of stipitatic acid 


(1) Monomethyl derivative with aqueous alkaline hypoiodite. About 10 atoms of iodine 
absorbed per mol. Much iodoform was produced. 

(2) Dimethyl derivative and trimethyl derivative, m.p. 189°, with KMn0O, in acetone. 
Only oxalic acid was isolated. 

(3) Trimethyl derivative, M.P. 189°, with silver oxide in water. Gave a small aniount of 
a yellow, crystalline, but unidentified substance, .p. 275° (decomp.), with sublimate 
formation. 

SUMMARY 


Penicillium stipitatum Thom when grown on Czapek-Dox 5 % glucose solution gives rise 
to a considerable amount of a hitherto undescribed mould metabolic product which has 
been named stipitatic acid, C,H,0;. A number of derivatives and breakdown products 
have been described, notably the formation in good yield of the isomeric 5-hydroxyiso- 
phthalic acid on potash fusion. It has been shown that of the five oxygen atoms present 
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in the molecule, two are present as a carboxyl group, two as hydroxyl groups one of which 
is strongly acidic, and one as a masked CO group. The molecular constitution of stipitatic 
acid has not been satisfactorily established but the acid is believed to belong to a class of 
compounds not previously encountered among mould metabolic products, except possibly 
for puberulic acid from P. puberulum Bainier [Birkinshaw & Raistrick, 1932]. 


We thank the Chemistry Research Board of the Department of Scientific and Industrial 
Research for a grant in aid of this work. 
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25. The Purification of Uricase 
2. Some Properties of Purified Uricase 


By James Norman Davidson, From the Physiology Department, 
The University of Aberdeen 


(Received 10 February 1942) 


In a previous communication [Davidson, 1938], a method was described for the purifica- 
tion of the enzyme uricase which catalyses the oxidation of uric acid. The purified prepara- 
tion contained 0-15-0-20 % of Fe. Recently, Holmberg [1939], using a modification of this 
method, obtained a preparation containing only 0-025 °% Fe. In a note added at the end 
of his paper Holmberg reports that,one sample of purified enzyme contained 0-13 % Zn. 
Another sample was free from Pb. 

Wachtel e¢ al. [1941] verified the presence of Zn in preparations of pig-liver uricase in 
the early stages of purification only and showed that a 200-fold increase in activity re- 
sulted in a fourfold increase in Zn content. Rats on a Zn-deficient diet showed a high 
plasma uric acid content, but liver uricase was not decreased. 

The presence of Zn in at least one enzyme is already known. Keilin & Mann [1940] have 
shown that purified preparations of carbonic anhydrase contain about 0-33°% Zn, and 
these observations have been confirmed by Hove e¢ al. [1940, 2]. 

Moreover, Zn ions have been shown to increase the activity of yeast carboxylase 
[Lohmann & Kossel, 1939], of yeast peptidase [Johnson, 1940], and of crude intestinal 
phosphatase preparations [Hove et al. 1940, 1]. 

In this paper some properties of purified uricase are discussed with particular reference 
to the presence of Zn. 

Enzyme preparations. The starting material used was again pig liver. The specific 
activity of the crude acetone liver powder was 0-12-0-15u1./mg./min. as determined in the 
manometric test previously described [Davidson, 1938]. A few preparations of purified 
uricase were made by the original method of Davidson [1938]. These had a specific 
activity of 85-90ul./mg./min. Several preparations were also made by the modification 
of Holmberg [1939] which is in some ways more convenient, and avoids the dialysis at low 
temperatures of considerable volumes of fluid. These preparations had a specific activity 
of 80-90u1./mg./min., ie. both methods result in a product of about the same specific 
activity. 

Heavy metal content. Zn was determined by the dithizone method of Schwaibold et al. 
[1938] as described by Keilin & Mann [1940] and Fe was determined by a modification of 
the method of Kennedy [1927]. 


Table 1. Fe and Zn contents of uricase at various stages of purification 


Specific activity 
pl./mg./min. Fe % Zn % 
0-12— 0-15 0-04-0-08 0-010-0-014 
0-33-— 0-43 0:20-0:30 0-02 
0-5 0-35 0-03 
1-1 — 18 0-10-0-18 0-03 —0-06 
6-6 -13-8 0-21-0-30 0-06 -0-07 
60-90 0-10-0-20 0-06 —0-09 


The Fe and Zn contents of uricase preparations at different stages in the purification 
process are shown in Table 1. It will be seen that the Fe content of the preparation 1s 
( 252 ) 
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high at all stages. Although it varies considerably from stage to stage there appears to be 
no correlation between the enzyme activity and the Fe content. In none of the purified 
preparations was the Fe content as low as that obtained by Holmberg (0-025%). It was 
always greater than the Zn content, and in the purest preparation was not lower than 
0-2 %. 

The Zn content, on the other hand, increases as the purification of the enzyme 
proceeds. The figures obtained for preparations in the early stages of purification 
agree fairly well with those quoted by Wachtel et al. [1941] who, however, did not use 
uricase preparations with a greater specific activity than about 10yl./mg./min. In no 
preparation was a Zn content as high as 0-13°% obtained. The purest preparation 
contained 0-09 % Zn. 

In the purified preparations of uricase Zn was identified both as Zn-Hg thiocyanate and 
as Rinnmann’s green [cf. Keilin & Mann, 1940]. 

In order to determine the nature of the other metals, if any, present in the purified 
enzyme spectrographic methods were employed. Such methods have occasionally been 
found convenient for other enzymes, e.g. by Richards & Hellermann [1940] in the case of 
arginase. The method employed was the cathode layer are procedure described by 
Mitchell [1940] for soils, using a Hilger Large Quartz Spectrograph. The dialysed enzyme 
preparation was dried, powdered on an agate mortar and introduced into the hollow 
cathode. Owing to the volatility of Zn two exposures were made, one during the first 
minute and the second during the remainder of the life of the cathode (about 4 min.). 
The sensitivity of the method towards Zn is not very great, nevertheless the presence of 
appreciable quantities of Zn and Fe was demonstrated. Traces of other heavy metals, 
including Cu, Pb, Mn, Mg, Al and Sn, were also detected. No attempt was made to carry 
out a quantitative estimation of the metals by the 
spectroscopic method but the relative amounts of the 
various metals could be approximately assessed. 

The spectroscopic observations were carried out 
by Dr R. L. Mitchell of the Macaulay Institute, 

Craigiebuckler, to whom grateful thanks are ex- 
pressed. 
Effect of varying oxygen tension. 


S 
“a 


It has been shown that the velocity of the oxidation 
of uric acid by crude liver powder is dependent on 
the O, tension, being twice as great in pure O, as in 
air [Battelli & Stern, 1909]. With pure uricase this 
point was further investigated, using mixtures of O, 
and A prepared in the apparatus described by 
Warburg et al. [1931]. The results, shown in Fig. 1, 
reveal that over a wide range the velocity of the 


. ° . : * ? . a 0 
reaction is proportional to the partial pressure of O,. jae ay te oe 


% O, in gas mixture 

Effect of carbon monoxide ; Fig. 1. Effect of varying the partial pres- 
The previous experiment was repeated, using CO in re ae a re tens 
place of the inert gas, the manometric measurements Temperature 38°, pH 9-0, substrate 
being made in the dark room lest any effect of CO —-2:24 mg. uric acid as lithium urate, gas 
might be light-sensitive. At every tension of O, tested ee oo tote: vee 
the velocity of the reaction was the same in the — = , ; 
presence of CO as in the presence of inert gas. No inhibition of uricase by CO occurred 
even when the ratio CO/O, was 49/1. Keilin & Hartree [1936] have reported that at a 
ratio CO/O, of 8/1 no inhibition of uricase in crude liver powder occurred. 
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Kubowitz [1938] showed that the ‘copper-proteid’ polyphenoloxidase takes up no CO 
in the presence of 100% CO. When substrate is added the Cu is reduced and CO is im- 
mediately taken up, one molecule being absorbed for every two atoms of Cu in the enzyme, 

A similar experiment was carried out with CO and uricase (Table 2). The manometerg 
were shaken in a thermostat at 20° in the dark room for 14 hr., but no appreciable uptake 


Table 2. Effect of CO on uricase after addition of substrate 


Temperature 20°. pH 10. 
Manometers 





%, _ ™~* 
1 2 3 
Main chamber 30 mg. uricase in 30 mg. uricase in Borate buffer with- 
borate buffer borate buffer out enzyme 
Side bulb 2-24 mg. uric acid 2-24 mg. uric acid 2-24 mg. uric acid 
as lithium urate as lithium urate as lithium urate 


Gas space 100% CO 100% A 100% CO 


Time after addition 
of uric acid (min.) pl. CO pl. CO pl. CO 
0-0 +0°5 - 0-0 

-1-0 0-0 0-0 

— 05 +05 0-0 

— 2-0 +0°5 0-0 

—3-0 +0-5 —1-0 

-—8-0 +2-0 —6-5 


of CO occurred either before or after addition of substrate despite the very large amounts 
of uricase present. CO does not therefore react with the metal present in uricase in 
stoichiometric proportions as it does with Cu in Kubowitz’s enzyme. 


Inhibitors 


Cyanides. The inhibition of purified uricase by cyanide has already been discussed 
[| Davidson, 1938; Holmberg, 1939; Wachtel et al. 1941]. The effect is completely reversible 
and full activity is restored after the cyanide has been removed by dialysis. 


Potassium thiocyanate. Hove et al. [1940, 2] have shown that KCNS has a marked 
inhibitory action on carbonic anhydrase, 93 % inhibition being produced by a concentra- 
tion of 10 mM. On the other hand, KCNS was reported by Wachtel et al. [1941] to have 
no effect even in a concentration of 22 mM on uricase. In the present series of experiments 
the effect of KCNS on purified uricase was investigated, and was found to be rather 
curious (Fig. 2). During the first 5 min. after the addition of substrate no effect, or only 
a very slight effect, was obtained but after this initial latent period inhibition was pro- 
nounced but was never complete. At a concentration of 5mWM a very slight effect was 
produced but at concentrations of 10 mM and 20 mM the effect was marked. Even at a 
concentration of 100 mM the inhibition was never complete (Fig. 2). This effect was 
repeatedly obtained with different preparations of uricase and with all samples of KCNS 
tested. 

Potassium ferrocyanide. K,Fe(CN), was found to cause slight inhibition (10%) in a 
concentration of 15 mM. 

Sulphanilamide. The powerful inhibitory action of this substance on carbonic anhydrase 
[Mann & Keilin, 1940] was not seen with purified uricase, on which it had no effect. 

Heavy metals. Many heavy metals inhibit purified uricase, Cu being effective at much 
lower concentrations than any of the other metals tested. Holmberg’s [1939] observations 
on inhibition by Cu (75 % inhibition at 0-02 mM), Fe (35% at 1 mM) and Mn were con- 
firmed, as were those of Wachtel et al. [1941] on Zn (80 % inhibition at 2-0 mM). Inhibi- 
tion was also caused by Co (60% at 1 mM) and Ni (40% at 1 mM). 
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CO Dithizone. Hove et al. [1940, 2] have reported that carbonic anhydrase is partially 
m- inhibited by saturated aqueous dithizone. In the case of uricase Holmberg [1939] re- 
ne, ported that dithizone was inactive. In the present work dithizone was found to increase 
ng slightly the activity of purified uricase preparations. 
ke A number of other substances were found to accelerate the uptake of O, in the oxida- 
tion of uric acid by uricase. These included pyrophosphate (30 mM), phenanthroline, 
a«’-dipyridyl, thiolacetic and dithioacetic acids, thiourea (80% acceleration at 80 mM), 
quinaldinic acid (30 % at 60 mM), sodium diethyl dithiocarbamate [cf. Holmberg, 1939], 
histamine, thiamine and peptone. The activity of carbonic anhydrase is known to be 
\ increased by aneurin and histamine [Main & Locke, 1941] and by peptone [Scott & 
Mendive, 1941, 1]. 
100 
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Fig. 2. Effect of different concentrations of KCNS on uricase. Temperature 38°, pH 9-0, substrate 2-24 mg. 


ig. <. 


uric acid, gas space 100% O,, total volume 3-0 ml. 





Fig. 3. Course of the reaction. Temperature 38°, pH 9-0, substrate 1-12 mg. uric acid as lithium urate, gas 
space 100% O,, total volume 3-0 ml. Curve A, purified uricase alone. Curve B, purified uricase plus 
catalase. Curve C, impure uricase. Curve D, crude extract of acetone liver powder. Theoretical (1), 
O, uptake with H,O, formation, 149 ul. Theoretical (2), O, uptake without H,O, formation, 74-5 pl. 






The nature of the reaction catalysed by uricase 





In the course of the oxidation of uric acid H,O, is produced [Holmberg, 1939; Keilin & 
Hartree, 1936] and the reaction is probably therefore: 

uric acid + O, + 2H,0 =allantoin + CO, + H,O,. (1) 
Using 1-12 mg. uric acid the theoretical O, uptake, if this reaction were allowed to go to 
completion, would be 1491. The actual O, uptake found with purified uricase was rather — 
less, probably owing to poisoning of the enzyme by H,O,. In most cases it was found to 
be about 120yl. (Fig. 3). When this point was reached a slight positive pressure, due 
presumably to a decomposition of some of the H,O,, developed before a steady state was 










reached. 
In the presence of traces of catalase the H,O, is decomposed and the reaction becomes: 


uric acid + 40, + H,O =allantoin + CO,, (2) 
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and the theoretical O, uptake with 1-12 mg. uric acid would be 74-51. This amount was 
actually found with purified uricase to which a small amount of catalase had been added 
(Fig. 3). Purified uricase is itself catalase-free. 

With crude uricase, in which catalase is present as an impurity, the second reaction 
occurs and the theoretical O, uptake of 74-51. was obtained. 

In the second reaction the R.Q. is 1 and in the first it is 2. These values for the R.Q. 
were actually found by Holmberg [1939] in the presence and absence respectively of 


catalase. ke Be i 
End-product of uric acid oxidation 


It is usually considered that uricase catalyses the oxidation of uric acid to allantoin 
through the possible intermediary stage of hydroxy-acetylene-diurein carboxylic acid 
[Schuler, 1932], and Kleinmann & Bork [1933] using very crude uricase, have reported 
the isolation of allantoin from among the reaction products, together with some urea and 
oxalic acid. In the case of xanthine oxidase, however, Ball [1939] found that although 
the impure enzyme catalysed the oxidation of xanthine or hypoxanthine to a product 
which was oxidized by uricase and which was therefore presumably uric acid, with puri- 
fied xanthine oxidase the product of the reaction was a substance which did not act asa 
substrate for uricase, and which appeared to differ from ordinary uric acid. It was there- 
fore thought desirable to determine whether allantoin was in fact produced in the reaction 
with purified uricase. * 

500 mg. of lithium urate in borate buffer pH 9 were treated with successive additions 
of uricase till tests for uric acid were very faint. The reaction mixture was kept at 37° with 
O, bubbling through it. The mixture was then neutralized with HCl, taken to dryness and 
extracted in a Soxhlet apparatus with absolute alcohol (in which allantoin is slightly 
soluble) for 15 hr. The alcohol was evaporated off and the residue dissolved in a small 
amount of water. Chlorides were removed with Ag acetate, and excess Ag with HS. The 


filtrate was aerated to remove H,S and was then treated with an equal volume of 
Wiechowski’s [1908] reagent. The heavy precipitate of the allantoin compound was 
allowed to settle overnight and was then centrifuged off and decomposed with H,S. The 
filtrate from the sulphide precipitate was taken to dryness and dissolved in hot alcohol. 
On cooling, crystals separated. They were recrystallized from hot alcohol. 

Yield 30% of theoretical. m.p. 235° (decomp.). Allantoin melts at 238°. Found: C, 
30-4; H, 3-8; N, 35-83%. C,H,N,O, requires C, 30-4; H, 3-8; N, 35:5%. 


Discussion 

The reversible inhibition of uricase by cyanide suggests that the enzyme is almost cer- 
tainly a metallo-protein compound but whether it is in the nomenclature of Warburg 
[1938] a ‘zine-proteid’ or an ‘iron-proteid’ or neither, is still in doubt. The presence of 
Zn in purified or partially purified uricase preparations is significant since although Zn 
is fairly widely distributed throughout animal tissues, apart from those enzymes which 
are activated by Zn ions the only enzyme known to be a compound of Zn and protein is 
carbonic anhydrase. The results presented here demonstrate that the Zn content of the 
uricase preparations rises as the specific activity increases although a 600-fold increase in 
activity is accompanied by only a ninefold increase in Zn content. At the same time it 
would be unwise to conclude for this reason alone that Zn is of necessity the active group. 
The possibility of Zn being an impurity in uricase, as Cu is in impure carbonic anhydrase, 
cannot at this stage be completely ruled out. In the case of carbonic anhydrase, a true 
‘zine-proteid’, Keilin & Mann [1940] have shown that in the early stages of purification 
the Cu content rises with increasing activity to a concentration of almost 0-1 °% and then 
suddenly falls. 

Although purified uricase contains Zn, other proteins also containing Zn but without 
uricase activity occur in impure uricase preparations. 
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If, for example, the mother liquor from which uricase is precipitated in Holmberg’s 
method of preparation is dialysed against distilled water and the precipitated proteins 
are rubbed up with ice-cold phosphate buffer (the phosphate extract being discarded) and 
then with borate buffer at room temperature, the residual uricase dissolves in the borate 
leaving a pure white protein, quite insoluble in water and borate buffer, containing about 
0-04 % of Zn. It is possible of course that this substance may consist in part of inactivated 
uricase. 

The Fe content of uricase remains high at all stages and the purest preparations contain 
the amount of Fe previously reported (0-2 °%). In no case was the low figure (0-025 %) of 
Holmberg obtained. The high Fe content at all stages in the purification procedure 
suggests that much, and perhaps even all, of it is present in the form of impurities. Even 
purified catalase, an ‘iron-proteid’, contains only 0-09 % of Fe [Sumner e¢ al. 1940]. 

The other heavy metals which were detected spectroscopically are probably all im- 
purities. ; 

In Holmberg’s method of purification the final stage consists in the precipitation of 
uricase from a mother liquor consisting of a solution of an ammonium sulphate precipitate 
in water. The specific activity of the enzyme increases in this stage some 40—60 times and 
itis highly probable that the precipitated uricase might carry with it heavy metals present 
in the mother liquor as impurities either derived from the liver powder or introduced in 
the reagents. 

The action of inhibitors gives few clues to the nature of the heavy metal in uricase. 
Inhibition by KCNS, which inhibits carbonic anhydrase, might support the suggestion 
that Zn is the active group but this inhibition is incomplete. Dithizone does not inhibit 
uricase as it does carbonic anhydrase; in fact it activates it. Most of the substances which 
activate uricase are those which might be supposed to act by removing traces of inhibiting 
heavy metals. 

If uricase is in fact a ‘zinc-proteid’, on the assumption that the Zn content would be 
similar to that of Keilin & Mann’s carbonic anhydrase (i.e. 0°33°%), then the present 
preparation would be about 30% pure. 

However, the percentage of Zn in Zn protein complexes is Variable. Scott & Mendive 
[1941, 2] report the presence of only 0-15 % of zine in purified carbonic anhydrase while 
Hove et al. [1940, 2] report that one of their specimens of carbonic anhydrase contained 
as much as 0-51 % of Zn. In the case of insulin Scott & Fisher [1935] found that crystalline 
insulin contained 0-52 % of Zn. Later, however, Cohn et al. [1939] reduced the Zn content 
of crystalline insulin to 0-36 % while Sahyun [1941] has recently reported the presence of 
only 0-15 °% of Zn in crystalline insulin. Schorn [1929] reported the formation of com- 
pounds of Zn and albumin containing 0-63 % of Zn. 

It is therefore impossible at the present time to assess the degree of purity of the uricase 
preparations. It may be significant that purified uricase obtained by two different 
methods, the original one of Davidson and Holmberg’s modification, which differ con- 
siderably in their later stages, has about the same specific activity. All further attempts 
at purification have been hindered by the great insolubility of the enzyme in water or 
buffer solutions. Even in alkaline buffers of pH 9 or 10 its solubility is not great, and the 
insoluble nature of the enzyme appears to become more and more pronounced as purifica- 
tion proceeds. 


SUMMARY 


The presence of Zn in purified preparations of uricase has been confirmed. Such prepara- 
tions also contain Fe and the purest samples obtained contained 0-09 % Zn and 0-2 % Fe. 
Uricase is partially inhibited after a latent period by KCNS but not by CO even in high 
concentrations. The effects of other inhibitors and activators are reported and the results 
re discussed in relation to the heavy metal content of the enzyme. 
Biochem. 1942, 36 = 
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11. Further Investigation of the Enzymic Oxidation of Sulphur-containing 
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Of the enzymes which act on the S-containing amino-acids in the tissue, four have been 
described previously: (a) cytochrome oxidase, which oxidizes cysteine to cystine, 
(6) a cysteine oxidase, described by Pirie [1934], which gives rise to inorganic sulphate, 
(c) a sulphinic acid oxidase, reported by Medes [1939], also producing inorganic sulphate, 
and (d) a cysteine oxidase, reported by Bernheim & Bernheim [1939] and Medes [1939], 
which oxidizes cysteine to cysteic acid. Medes’s results also suggested the direct oxidation 
of cystine, accompanied by decarboxylation. At that time it was not clear whether the 
action on cystine and on cysteine was due to the same or to different enzymes, or through 
what paths the oxidations proceeded. The series of observations reported here are attempts 
to elucidate some of these questions. 


STUDIES WITH LIVER SLICES 


A preliminary study was made of the action of liver slices on the S-containing amino- 
acids in order to identify the several end-products. Such a study should serve as a guide 
in determining whether all enzymes catalysing the oxidation of these substrates had been 
isolated. The slices were incubated in a constant temperature bath at 38° in phosphate or 
bicarbonate buffer at pH 7-6 with cysteine, cystine, methionine and cysteinesulphinic 
acid as substrates. The bicarbonate buffer was prepared as recommended by Krebs [1932] 
with substitution of MgCl, for MgSO, as Pirie [1934] suggested. When phosphate buffer 
was employed, its final concentration was 0-05 M. Volumetric analyses for the various 
end-products were carried out after 2 hr. incubation with O, bubbling through the phos- 
phate buffer and an O,-CO, mixture led through the bicarbonate buffer. 

Methods of quantitative analyses. Cysteine and cystine were determined by the method 
of Shinohara & Padis [1935] with occasional checks by the Sullivan method. 

For the determination of methionine added to tissue extract the precision method of 
Kolb & Toennies [1940] was adapted. An aliquot part of the brei containing about 
0-1 m.mol. of methionine is placed in a 50 ml. centrifuge tube and is diluted with 
20% trichloroacetic acid and H,O to 50 ml. so that the resulting solution is about 
0-002 M in methionine and contains approximately 4% trichloroacetic acid. All 
volumes are measured accurately. This mixture is stirred vigorously, allowed to stand 
for 5 min. to ensure adequate flocculation of the protein, and centrifuged. A 40 ml. 
aliquot part of the supernatant liquid is placed in a 100 ml. volumetric flask containing 
36 ml. of 5M HCl0,. To this are added 10 ml. of 2M HClO, containing 0-06 M H,0,, 
and the mixture is then diluted to 100 ml. with H,O. After 2 to 3 hr. aliquot parts 
are removed for iodimetric titration. Iodine is liberated by adding to each 20 ml. 
portion 20 ml. of a solution containing 5 m.mol. of KI and 0-05 m.mol. of ammonium 
molybdate and titrating with 0-025 N thiosulphate. Both the HClO,-H,O, and the 
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KI-(NH,),MoO, mixtures are prepared fresh daily. A control in which the methionine 
is omitted gives the amount of H,O, originally present. The value of this control is in 
complete agreement with a blank run on the HC1O,-H,O, mixture substituting 40 ml. of 
-H,O for the supernatant liquid from the protein precipitation. 

NH,-N was determined by the manometric method of Van Slyke [1929] with KI added 
to the nitrite solution as suggested by Kendrick & Hanke [1940]. 

The carboxyl group of the amino-acids was estimated by the method of Van Slyke & 
Dillon [1938] in which Mason’s [1938] procedure was slightly modified. 2 ml. of the de- 
proteinized amino-acid solution were introduced into the combustion tube and a silica 
pebble added, followed by 1g. of solid KH,PO,. CO, was expelled by boiling for 1 min., 
after which 30 mg. of ninhydrin were introduced and the combustion tube immediately 
attached to the condenser. 

Later the method developed by Christensen et al. [1941] was substituted. Protein-free 
filtrates were obtained by means of salicylsulphonic acid. To 39 parts of water and 10 parts 
of the fluid to be tested was added 1 part of 50% salicylsulphonic acid. The salicylsulphonic 
acid had to be recrystallized from ether, as all commercial samples tested contained inter- 
fering impurities. By this method, recoveries of CO, in theoretical amounts were possible, 
Protein-free filtrates made with tungstic acid gave low results in the case of certain amino- 
acids, and trichloroacetic acid invariably decomposed with the production of too high 
results. The authors are indebted to Mary Stella Cammaroti for these determinations. 

Sulphate determinations were carried out by the method of Medes & Stavers [1940]. 
Later, the following procedure was adopted. To 10 ml. of the solution to be tested, are 
added 2 ml. of 20% sulphate-free trichloroacetic acid in a 15 ml. centrifuge tube. 

’ The contents are stirred vigorously with a fine glass rod and centrifuged. 10 ml. of the 
supernatant liquid are transferred to a 50 ml. centrifuge tube, followed by 15 ml. of 0-5% 
benzidine in acetone. The contents are again stirred and the rod rinsed with a few drops 
of the benzidine in acetone solution. The tube is stoppered and allowed to stand for about 
1 hr. in an ice bath, after which it is centrifuged and the supernatant liquid decanted. 
Washing of the precipitate and titration are carried out according to the method of 
Power & Wakefield [1938]. A blank determination on the reagents is subtracted from 
the values of the experimental solutions. 

In Table | is reported a series of experiments with cysteine as substrate. The sulphydryl 
reaction gradually disappeared and in all cases was lost at the close of the 2 hr. period. 
During this time the disulphide reaction was gradually developing but not in equivalent 
amounts. The difference could not be attributed to sulphate, which increased in insufficient 
quantities to account for the loss. NH,-N was unaltered, whereas there was a slight 
disappearance of carboxyl. Iodimetric titration indicated that the end-product was a 
sulphonic acid. 

When cystine was substituted for cysteine as substrate (Table 1), the reaction with 
phosphotungstic acid again disappeared to about the same extent as before. Since both 
sulphydryl and disulphide were present in the first series described above, and only 
disulphide in the second, it could not be determined by these experiments whether cystine 
alone or whether both cystine and cysteine underwent this type of oxidation. It may be 
seen from the table that sulphate did not account for the entire loss. NH,-N, as in the 
previous series, remained unchanged, whereas the fall in carboxyl was more marked, 
suggesting that cystine rather than cysteine was the substrate undergoing decarboxyla- 
tion. 

Methionine (Table 2), in the presence of liver slices, appeared stable; a slight loss, as 
determined by the modified Kolb-Toennies H,O,-oxidation procedure was approximately 
equivalent to the sulphate formed. NH,-N and carboxyl determinations were unaltered. 
The only changes in the sulphinic acid were an appearance of sulphate and a decrease of 
the iodine titre. No determinable change occurred in cysteic acid. 
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Table 1. Incubation of liver slices in the presence of cysteine and cystine 


(Shinohara) (Sullivan) 


?hr. incubation in 0-05 M phosphate and in bicarbonate buffers at pH 7-6. Concentrations are expressed in m.equiv. 
added per ml. of medium. 


Dry .m.equiv. x 10-* m.equiv. x 10-3 Sulphate Carboxyl NH,-N 
Substrate wt. of ———_, ——_*——__,, m.equiv. x 10~*__ m.equiv.x10-* m.equiv. x 10-* 














Table 2. Action of liver slices on methionine, cysteinesulphinic acid and cysteic acid 


m.equiv. tissue SH SS SH SS - a ae ——___, 
Buffer xe mg. before after before after Before After Before After Before After 
Cysteine 
Phosphate 8-00 50-2 8-02 6-58 8-00 5-89 0-9 0-7 8-19 8-00 8-00 8-02 
7-00 48-7 7-04 6-00 _ — 0-6 0-6 7-21 6-90 7-00 7-04 
7-00 49-3 6-86 5-29 6-40 4-32 0-5 0-7 7-06 6-88 7-02 6-98 
7-00 53-6 6-83 3-51 6-00 3-14 0-7 0-4 6-84 6-69 6-96 6-96 
Carbonate 7-00 47-8 6-91 2-88 6-29 . 2-13 1-1 4-6 7-00 6-70 7-01 7-03 
7-00 45-9 7-16 5-10 — — 0-8 4-8 6-94 6-72 7-04 6-97 
Average — 49-3 7-14 4-89 — a -— — 7-21 7-13 7-17 7-18 
Cystine (as Na-cystinate) ; 
Phosphate 4-50 50-1 4-38 2-64 4il 2-30 — 4-33 3-80 — ae 
7-00 50-9 7-10 3-60 5-95 3-91 _ — 6-80 6-22 — — 
7-00 47-3 7-07 4-36 7-13 4-51 _— _- 6-97 5-82 _— — 
7-00 53-6 6-93 6-35 6-67 3-53 -— — 6-91 6-62 — — 
Carbonate 7-00 48-5 6-86 5-32 6-95 4-72 0-0 3-3 6-87 6-45 — — 
7-00 49-4 6-93 5-33 7-17 3-59 1-2 4-1 7-32 6-88 — —_ 
7-00 46-8 6-90 4-73 6-75 4-61 0-7 4-5 7:10 4-20 — — 
Average — 49-5 6-71 4-66 —- — — — 6-61 5-71 _ — 


2hr. incubation in 0-05 M phosphate or bicarbonate buffer at pH 7-6. Concentrations are expressed in m.equiv. per total 





Cysteic acid 


volume. 
Sulphate Carboxyl NH,-N Kolb-Toennies 
Substrate m.equiv.x 10-4 m.equiv. x 10-3 m.equiv.: x 10-* m.equiv. x 10-* I, titration 
m.equiv. C — ee A \ c A \ c Po “~ c . 
Buffer x10-* Before After Before After Before After Before After Before After 
Methionine 

Phosphate 21-92 -— — aaa = ad = 22-00 22-00 ast = 

1-42 — --: 1-36 1-43 — — 1-40 1-40 _— — 

Carbonate 6-00 0-85 3°00 6-02 6-05 5-97 ~ 6-00 6-65 6-45 — — 

4-96 0-40 3°30 4-91 4-84 5-02 4-91 4-93 4-76 _— = 

4-96 0-34 2-91 4-95 4-95 4-97 4-97 4-96 4-76 — a 

Cysteinesulphinic acid 

Phosphate 2400 — — 243 2237 241 23-9 — ~ 23-71 23-71 
Carbonate 24-00 1-2 6-7 23-41 23-17 23-4 23-4 — — 22-75 20-85 





Conclusion. From these experiments it was confirmed that besides cytochrome oxidase 
and the enzymes which give rise to inorganic sulphate from cysteine and cysteine- 
sulphinic acid, enzymes are present which oxidize cysteine and cystine and which decar- 
boxylate cystine. The succeeding studies were undertaken for the purpose of further 
characterizing these enzymes. 

ISOLATION EXPERIMENTS 


Cysteine oxidase. The first series of isolation experiments was carried out with cysteine 
oxidase. The enzyme was prepared by a modification of the method of Bernheim & 
Bernheim [1939]. After perfusion with physiological salt solution, the liver was ground 
with sand in 75 ml. of 0-01 M phosphate buffer at pH 6-7. The insoluble protein was 
centrifuged down at about 3000 r.p.m. for 30 min., the supernatant liquid discarded and 


Phosphate 2400 — — &° 2 23-9 : 
2400 — — M4 %5 20 239 — — — — 
24:00 0 0 24-30 hl 23-9 23-7 ~ — — — 
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the washing repeated. All operations, including the centrifuging, were carried out in the 
cold. 

Determinations of O, uptake were made in the Warburg respirometer. 1-30 ml. of 
0-0769 M phosphate buffer at the desired pH were introduced into the main chamber of 
the Warburg vessel by means of a burette with a curved capillary tip. 0-30 ml. of the 
neutral substrate was then measured into the side bulb. 0-40 ml. of the enzyme suspension 
was added to the buffer in the main chamber, and in those cases in which CO, evolution 
was to be determined, the KOH paper was introduced into the central cup. As an addi- 
tional check, retention of CO, was tested by transferring 1-70 ml. of the fluid to a fresh 
vessel, 0-30 ml. of saturated oxalic acid solution was introduced into the side bulb, and 
any retained CO, determined. In the experiments with cysteine derivatives, cysteine was 
treated similarly in an additional set of chambers, to check the activity of the enzyme. 
If oxidation of cysteine did not approximate the theoretical value, the results were dis- 
carded. All experiments were carried out in duplicate. 

This enzyme, according to Bernheim & Bernheim, acts on thiolacetic acid as well as on 
cysteine, but does not effect the oxidation of glutathione; ethyl mercaptan is oxidized 
slowly, but they could not demonstrate a definite end-point. 


Table 3. Oxidation of cysteine and chemically related compounds by cysteine 
oxidase as shown by O, uptake in the Warburg respirometer 


Temp. 38-0°. Col. 3 gives the time in min. required for the reaction to reach completion. In all other cases 
the reaction was stopped at the close of 2 hr. 





O, uptake 
Time for Co ~ 
Amount used completion * Consumed Theoretical % of 
Substrate pmol. min. pl. pl. theoretical 

Cysteine 1-86 70 63-0 52-6 101 
1-88 70 63-5 63-3 100 

1-82 90 66-0 61-3 107 

1-73 110 58-0 58-3 100 

1-84 80 64-0 62-4 103 

Methionine 3-47 — 13-5 116-6 12 
3-47 - 10-0 116-6 9 

Na cysteinesulphinate 5-98 — 0 67-0 _— 
3-53 _— 0 39-6 — 

Cysteic acid (Na salt) 12-00 os 0 0 — 
12-00 _— 0 0 —_ 

Homocysteine 2-24 110 97-6 75°3 130 
1-70 — 55-5 57-1 97 

dl-Cysteine 1-99 80 60-7 66-7 91 
1-43 90 60 48 125 

2-00 — 67-1 56-5 84 

n-Butyl mercaptan 2-13 _— 17-8 71-6 25 
isoAmyl mercaptan 2-04 _— 11-3 68-6 16 


Methionine sulphoxide 


) _ o — 
6 ; —_— 0 — — 
160 


) 
Glutathione 2-2 
S-Ethyl cysteine 2-1 
Thiolacetic acid 2-3 





Its behaviour towards a number of chemically related substrates is reported in Table 3. 
In general, the concentrations employed were computed on the basis of a theoretical 
oxidation to the sulphonic acid stage; i.e. the molecular concentration of sulphinic acid 
used was three times that of cysteine, since the theoretical O, uptakes are in the ratio of 
1:3. 

The results previously reported for cysteine were confirmed—oxidation, as shown in 
the Warburg apparatus, was carried to the sulphonic acid stage. In spite of uniformity 
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in the method of preparation of the enzyme, considerable differences in the O, uptake 
of the controls were shown from day to day, varying from 10 to 20yl. over the 
2 hr. period. Fig. 1 depicts the oxidation of 1-865 m.mol. of cysteine. The mol. % of O, 
consumed, after subtraction of the O, uptake of the control, are plotted against the time 
in min. As may be seen, 150 mol. % O, were absorbed during approximately 1 hr., 
representing oxidation to the sulphonic acid stage. There was no evidence of CO, evolu- 
tion. When tissue slices were substituted in the Warburg apparatus for the enzyme 
preparation, similar results in general were obtained. However, the results were more 
difficult of interpretation, as cytochrome oxidase, present in the slices, was slowly giving 
rise to cystine, which, as will be shown, may also serve as substrate for enzyme action. 
The high evolution of CO, by the slices left some doubt as to whether it was being derived 
from the added substrate as well as from respiratory processes. 

Either increasing or decreasing the length of the carbon chain causes a slowing of the 
rate of oxidation as shown in Fig. 1 by homocysteine and thiolacetic acid, although the 
same theoretical uptake of O, is finally attained. dl-Cysteine is oxidized at approximately 
the same rate, as shown in Table 3. 

The rate of reaction is still further reduced by substituting a simple carbon chain for 
those with amino and carboxyl groups attached. Compare, for instance, the curves 


% O. 
S 


Mols, 


Methionine 








0 10 20 30 40 50 60 70 80 90 100 «6110 ©6120 


Time in min. 

Fig. 1. Rate of oxidation of cysteine and chemically related compounds by cysteine oxidase as determined 
in the Warburg apparatus. Cysteine, 1-84 umol.; homocysteine, 1-70 zmol.; thiolacetic acid, 1-87 umol.; 
n-butyl] mercaptan, 2-13 umol.; methionine, 3-47umol. Final concentration of phosphate buffer, 0:05 M 
at pH 6-7. Temp. 38°. 


representing oxidation of homocysteine and of n-butyl mercaptan (Fig. 1). The latter 
compound, and isoamyl mercaptan, as well as ethyl mercaptan described by Bernheim & 
Bernheim, oxidized so slowly that no definite end-point could be demonstrated. 

When an S-methyl group replaced the sulphydryl group, i.e. methionine (see Fig. 1) as 
contrasted with homocysteine, the rate of reaction was even more retarded. With substi- 
tution of an ethyl group, i.e. S-ethyl cysteine, oxidation was completely inhibited. 

That disulphide groups are present in the enzyme itself, and play an important part in 
its activity, seems probable from the fact that in the presence of reduced glutathione, the 
activity is considerably decreased. On the other hand, when metals in certain combina- 
tions are present, oxidation of the enzyme itself, as well as of the substrate, occurs with 
great rapidity. This phase of the problem is under further investigation. 

Action of cysteine oxidase on cystine. The enzyme preparation which oxidizes cysteine 
also oxidizes cystine; i.e. it is contained in the insoluble residue obtained by extracting 
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ground liver with 0-01 M phosphate buffer at pH 6-7, centrifuging and washing the 
precipitate in additional buffer. 

The rate of oxidation of cystine is always much slower than that of cysteine; usually 
when cysteine has reached the cysteic acid state, ie. has taken up its theoretical amount 
of O,, cystine has consumed about 50-70% of its theoretical amount. Although the 
absolute rates of oxidation varied considerably with the different preparations, there was 
always a general parallelism between the two oxidative reactions, both being high or low 
in the same specimen. 

Attempts to separate two enzymes have been unsuccessful. Repeatedly washing in the 
dilute phosphate buffer reduced both activities about equally (Fig. 2) as did other methods 
of extraction, i.e. using different con- 
centrations of phosphate buffer, altering 
their pH from 5-2 to 8, or extracting 
in various salt mixtures. 

Considerable difficulty was experienced 
in determining the end-point of this 
reaction. On account of the slow rate of 
oxidation, the activity of the enzymes ; 
was often very slight before the end-point 
was reached and tests for S-S were = « é Enzyme washed twice 


usually still positive even after 2 or 3 hr. 5 © Cynine 

of incubation. For this reason it was 7 —— ies 
difficult to decide whether sulphinic acid a 

or cysteic acid is the end-product. Four 
procedures were employed. (a) Iodi- 
metric titrations with deduction of the 
S-S remaining, as determined by the 
Shinohara method, were inconclusive. 
(6) Since sulphinic acid is readily oxi- 
dized by an enzyme to be described 
below, with production of inorganic sulphate, it was thought that by using a combination 
of these two enzymes it could be determined whether sulphate is increased following 
incubation with cystine. If so it could be concluded that sulphinic acid had been formed, 
but on account of various technical difficulties, this method also proved inconclusive. 
(c) A colorimetric test for sulphinic acid, devised by Dr Lavine (unpublished data), indi- 
cated that sulphinic acid was not formed, but in this case also, technical difficulties some- 
what obscured the results. (d) A final method, also based on Dr Lavine’s studies of 
sulphinic acid, gave clear-cut results. He showed [Lavine, 1937] that cysteine, in the 
presence of sulphinic acid with KI as catalyst, is quantitatively oxidized to cystine, while 


sulphinic acid is reduced according to the equation, 3RSH + RSO,H “> 2RSSR +2H,0. 

Since disappearance of cysteine may be followed with ease by means of the Shinohara 
method, the following procedure was employed. Sodium cystinate, 30 mg., were added to 
30 ml. of an enzyme suspension in 0-05 phosphate buffer at pH 6-7. After 24 hr. 1-5 ml. 
were removed and the S-S present was determined. It was found to be reduced from a 
theoretical 0-0033 M to a 0-0007 M solution of S-S. To the remaining 28-5 ml. of the 
enzyme suspension, 3 ml. of 50% trichloroacetic acid were added and-the precipitate 
centrifuged down. The filtrate measured 26 ml. and its acidity was 0-381 N. 1-5 ml. of 
10 N HCl were added, bringing the volume to 27-5 ml. and the acidity to approximately 1 NV. 

If all the S-S lost had appeared as sulphinic acid, the latter should now be 0-00313 MU. 
Three times this molar equivalent of cysteine, or 46-95 mg. of cysteine-HCl were added. 
The SH content was 0-0102 M (theoretical 00104). Approximately 0-2 g. of KI was 
added, and the mixture was incubated in a water bath at 80° for 15 min. (Previous 


80° 100 «120140160180 
Time in min. 
Fig. 2. Effect of repeated washings on activity of the 


oxidase which acts on cysteine and cystine with pro- 
duction of cysteic acid. 
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experiments had shown this time to be sufficient for an equilibrium between RSH and 
RSO,H to be established.) SH was now determined and found to be unchanged. Incuba- 
tion was repeated for a second 15 min. period, the SH redetermined and again found the 
same. Hence sulphinic acid could not have been present. As a further demonstration, the 
theoretical equivalent of sulphinic acid (one-third of the molar equivalent of cysteine), 
was now added, and the solution incubated for a third 15 min. period. The SH reaction 
had now completely disappeared. From these experiments it was concluded that cysteic 
acid rather than sulphinic acid had been formed as a result of the action of the enzyme on 
cystine. 

Production of taurine. Preliminary experiments [Medes, 1939] indicated that cystine 
is decarboxylated by an enzyme in liver. In those experiments volumetric methods of 
analysis were employed. The further investigation of the problem reported here was 
carried out with a Warburg respirometer. The liver enzyme was prepared similarly to the 
cysteine oxidase—centrifuging and subsequent washing of the insoluble protein of liver 
brei in a dilute phosphate buffer at yH 6-7. Determinations of O, uptake and CO, evolu- 
tion were carried out in the usual manner, with customary checks in identifying the gases 
involved. Tests with lead acetate paper were negative and NH,-N, as preety reported, 
was unchanged. 

When cystine was employed as substrate, evolution of CO, and absorption of O, 
occurred simultaneously. The relative amounts varied widely, the CO, evolution ranging 
from 60 to 100 mol. % and the O, uptake, from 100 to 200 mol. %. No indication of 
decarboxylation was found when homocystine, di-formyl] cystine, dithio-dilactic acid, or 
cysteic acid was employed as substrate. The reaction seems to be highly specific for 
cystine. As for oxidation, among the other disulphides tried, dithio-dilactic acid (prepared 
by the method of Westerman & Rose [1928] was the only one which gave evidence of O, 
absorption, homocystine, di-formylcystine and cystamine being negative. Hence free 
amino groups are not essential for the oxidation of the disulphide, although certain 


O 
radicals, i.e. the formyl radical, — oo , can inhibit the reaction, possibly by forming 
5 H P y by g 


irreversible addition compounds with groups that are necessary in the oxidation, and thus 
modifying the reactivity of the radical attached to its S atom. 

A third compound, cystamine disulphoxide, was oxidized with great ease. The amounts 
of O, absorbed varied widely in these experiments with crude enzyme preparations and 
ranged from 75 to 225 mol. %. Theoretical O, uptake for conversion of cystamine di- 
sulphoxide into the sulphonic acid stage would be 150 mol. % assuming that hydrolysis 
first occurs. This ready oxidation of cystamine disulphoxide, as contrasted with the com- 
plete resistance of cystamine, opens the question of whether the disulphoxide may not be 
an essential stage in the conversion of cystine into taurine. In this case, possibly two 
enzymes are present, one converting cystine into the disulphoxide, and one continuing 
the oxidation. Since cysteic acid cannot be decarboxylated to taurine, elimination of CO, 
must occur at some previous stage, either the disulphide or possibly the disulphoxide. 
The ready oxidation of cystamine disulphoxide presents the case for the latter alternative 
as an intriguing possibility. Unfortunately, the instability and limited solubility of 
cystine disulphoxide offered too great technical difficulties for its employ ment as sub- 
strate in gaining further light on this question. 

Sulphate-producing enzymes. Pirie [1934], in describing the enzyme which oxidizes the 
sulphur of cysteine to inorganic sulphate, stated that he was unable to extract it from 
tissues. Medes [1939] encountered the same difficulties, but further investigation has 
shown the following method to be effective. The tissue is ground with sand in the physio- 
logical salt mixture, filtered through linen, and centrifuged to separate the soluble from 
the insoluble portion. The greater portion of the activity emanates from the lower layer. 
Two enzymes productive of inorganic sulphate are found, the one, described by Pirie, 
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acting on cysteine, and a second, identified by Medes, requiring sulphinic acid as substrate 
and shown by her to be a separate enzyme. 

In Table 4 are recorded the results of a series of experiments with various substrates. 
Cysteine and methionine are oxidized possibly by the same enzyme, since no separation 
could be effected. Cystine, as shown by Pirie, gives rise to sulphate more slowly. He 
demonstrated the presence of SH groups and believed reduction of SS to SH occurred. 


Table 4. Sulphate formation by enzymes of rat’s liver 


8-26 x 10-* m.equiv. of substrate added for each 10 ml. of the medium. Determinations were carried out after 2 hr. incuba- 
tion in phosphate buffers at pH 6-7 and 7-4 or bicarbonate buffer at pH 7-3. Results are expressed in m.equiv./10 ml, 
of the medium. 
Liver slices Liver brei 

h x \ ( 5 ae ae 

Phosphate Phosphate Bicarbonate Phosphate Bicarbonate 

buffer pH 6-7 buffer pH 7-4 buffer pH 7-3. buffer pH 7-4 _— buffer pH 73 

A Pas A A 





‘ e e =F ¥.2 ns R 

SH 8-8 SO, S-S SO, 8-8 SO, 8-S So, 3-S SO, 

m.eq. meq meq. m.eq. meq. m.eq. meq. m.eq. m.eq. eq. meq. 

Substrate x10". x10" xiI0* .x10? xi0*  xi0*® xit* xit* xie- xlo- 
Control — 0-32 -— 1-70 — 0-22 0-84 0-62 
Cysteine 3°77 3-1: 1-32 5-90 5-48 6-66 7-09 2-30 11-80 2-85 12-66 
Cystine — 5-76 0-97 7-17 7-40 5-48 3-19 2-61 3°33 2-26 5-52 
Sulphinic acid — — 0-97 = 6-76 =~ 6-14 -- 15-35 62-92 
Cysteie acid 7 - : 0-23 cote ae a 
Diamino-diethylene : — 2-05 - = 

disulphoxide 

Methionine ; 2. 0-71 
Methionine sulphoxide - - 0-81 _- 2-91 














This enzyme is highly unstable, and shows greatly reduced activity after the insoluble 
protein is washed with physiological salt, either buffered or unbuffered. The supernatant 
liquid is totally inactive. The enzyme oxidizing sulphinic acid is more stable, and retains 
considerable activity after the insoluble protein is recentrifuged in one or two washings of 
physiological salt solution or after salting out with MgSO, and subsequent dialysis. 

Both enzymes, as shown by Table 4, are more active in phosphate buffer at pH 7-4 
than at pH 6-7, and still more active in bicarbonate than in phosphate medium. Cysteic 
acid and methionine sulphoxide cannot serve as substrates for either enzyme, whereas 
diamino-diethylene disulphoxide, under the action of cysteine oxidase, apparently gives 
rise to small amounts of sulphate. This appearance of sulphate from the disulphoxide, in 
contrast to the failure of its formation from the sulphoxide, may possibly be ascribed to 
the fact that the former is more readily reduced to the disulphide than is the latter to 
methionine. 

Decarboxylating enzyme. An enzyme which decarboxylates cystine is present in liver 
brei. It was prepared by grinding the tissue with sand in 20 ml. of 0-05 M phosphate 
buffer and filtering through fine cloth. 0-25 m.equiv. of the substrate was incubated in 
7-50 ml. of water, 2-50 ml. of buffer and 2-50 ml. of liver brei. The incubation period was 
usually 24 hr. A 5 ml. sample was removed before, and a second 5 ml. portion, at 
the close of the incubation period. Each 5 ml. sample was added to 19-50 ml. of H,O 
and 0-50 ml. of 50% salicylsulphonic acid. The mixture was centrifuged for 20 min., the 
supernatant liquid filtered and 3-00 ml. were used for CO, determinations. Each sample 
analysed thus contained 0-0040 m.mol. per ml. All determinations were carried out in 
duplicate. , 

In addition to cystine as substrate, the sodium salt of cysteic acid was employed to 
verify our previous evidence that this amino-acid is not decarboxylated. Leucine and 
histidine were also used, the latter because its decarboxylation by liver and kidney tissue 
had been reported by Holz & Heise [1937]. Three typical experiments are recorded in 
Table 5, the first two experiments in phosphate buffer at pH 7-4 and the third in a similar 
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Table 5. Decarboxylation of various amino-acids by liver bret 


3-0 ml. of liver brei in a volume of 12-5 ml. contained 0-25 m.equiv. of substrate. 2 x 10-? m.equiv. of the 
amino-acid was present in each ml. of the sample employed. The first sample of 3 ml. was removed before 
incubation, and the second 3 ml. after an incubation of 24 hr. Results are expressed in m.equiv. x 10-* of the 
amino-acid present in each ml. 
Found Control subtracted 
c - \ ( ——, Substrate 
Before s Before After consumed 


Control 3-22 

Na cystinate 7-24 3-68 4-02 3-06 0-96 
Leucine. 7-29 . 4-07 3-59 0-48 
Histidine 7:29 : 4-07 1-34 2-73 


Control 3-22 

Na cystinate 7-24 36 4-02 3-06 0-96 
Cysteic acid 7-29 6 4-07 4-08 0-00 
Leucine 7-29 “2 4-07 3-65 0-42 
Histidine 7-29 5 4-07 1-82 2-25 
Control 3-22 

Na cystinate 7-24 6-70 4-02 “1 0-91 
Cysteic acid 72 29 7-61 4-07 4-0: 0-05 
Leucine 7-24 7-29 4-02 3-7 0-32 
Histidine : 7:24 5-47 4-02 8 2-14 


buffer at pH 6-0. In all cases decarboxylation of histidine was most rapid, cysteic acid 
was unchanged, cystine was intermediate, usually about 25°% undergoing decarboxyla- 
tion. Leucine was usually acted upon only slightly. 

Experiments carried out at pH 8-0 showed even greater decomposition of the histidine, 
while breakdown of cystine was somewhat less marked. Dialysing the enzyme only 
slightly reduces its activity. It may be concentrated by precipitation with 3-5 M sodium 


sulphate followed by dialysis. 

Action of coenzymes. No evidence for the necessity of cytochrome or cozymase could 
be found in the cases of the oxidase which gives rise to cysteic acid, but that coenzyme 
plays a part in the oxidation of cysteine and sulphinic acid to sulphate is indicated in the 
following experiment: The perfused liver of an albino rat was ground with sand in physio- 
logical salt, filtered through cloth and dialysed for 24 hr. against repeated changes of 
09% salt solution. In each of five tubes were placed 2 ml. of the brei, 8 ml. of the 
Krebs salt mixture (NaCl, CaCl,, KCl, MgCl,) and 1-50 ml. 0-154 M NaHCO,. To the five 
tubes were added respectively: a, 0; b, 10-0 mg. cysteine; c, 12-3 mg. sulphinic acid; 
d, 10-0 mg. cysteine plus 0-50 ml. cozymase; e, 12-3 mg. sulphinic acid plus 0-50 ml. 
cozymase. In ¢ and d, 0-50 ml. of the salt mixture replaced the coenzyme. The sulphur 
appeared as sulphate to the following extents: a, 0; b, 0; c, 25-3%; d, 13%; e, 463% 
Although the activity of the cysteine oxidase was nearly lost during the dialysis, a slight 
restoration was effected through addition of the coenzyme. In the case of the sulphinic 
atid oxidase sulphate formation was approximately doubled. 


DIscussioNn 


Pirie [1934] demonstrated the appearance of sulphate in tissues from various S-containing 
amino-acids. He concluded from his results that the path of sulphate formation proceeded 
through the oxidation of SH groups, to which cystine and methionine were previously 
enzymically reduced. The first compound: formed in the oxidation of cysteine would be 
the sulphenic acid, which dismutes spontaneously into sulphinic acid and cysteine, 
according to the following equation: 2RSOH + RSO,H+ RSH. Pirie postulated that the 
sulphinic acid then proceeds by enzyme action to sulphite and eventually to sulphate. 
Medes [1939] established the existence of an enzyme which oxidizes sulphinic acid to 
sulphate, the resulting yield of sulphate being much greater than that from either cysteine 
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or cystine. She also demonstrated that cysteine in vivo gives rise to sulphate more rapidly 
than does cystine and that cysteine disappears more readily than cystine in vitro. 

In view of these facts and the results presented in this paper, it seems possible that 
sulphate formation in the body takes place along the following path. Cystine, acting asa 
reservoir, is first hydrolysed to cysteine and cysteinesulphenic acid [see also Simonsen, 
1931]. Pirie postulated an enzymic reduction at this stage, but this investigation has 
failed to find evidence for the existence of an enzyme functioning thus. As long as the two 
resultants, cysteine and cysteinesulphenic acid, are present, an equilibrium exists which 
strongly favours the reverse reaction. But sulphenic acid is also being formed by en- 
zymic oxidation of cysteine, probably by the addition of HOH and the subsequent 
removal of two H atoms. This is possibly the step performed by the ‘sulphate-producing’ 
cysteine oxidase. 

The sulphenic acid then dismutes spontaneously to cysteinesulphinic acid and 
cysteine. Since the formation of sulphate both in vivo and in vitro is less rapid with 
cystine than with cysteine, and since the oxidation of cystine as compared with cysteine 
in the Warburg respirometer is also slower, it follows that the rate of hydrolysis is much: 
lower than the rate of oxidation of cysteine to cysteinesulphenic acid. 

Cysteinesulphinic acid is not acted upon by the enzymes which, according to Bernheim 
& Bernheim [1939] and Medes [1939] produce cysteic acid from cysteine. Cysteinesul- 
phinic acid does, however, rapidly give rise to inorganic sulphate by enzyme action. It 
seems highly probable that removal of the R group is the essential step performed by this 
enzyme and that the sulphur acid which results goes spontaneously to sulphate. 

The exact nature of the acid produced by elimination of the R group has not been 
determined, but we can point out one or two paths that this reaction may follow. Clarke 
& Inouye [1930] demonstrated that the alkaline plumbite decomposition of cystine leads 
to thiosulphate formation. This can be derived theoretically from sulphinic acid by the 
following reaction: 


H 2? asf 
[OH+R]SC >Hi 
oH OH 


The acid could then react with a second molecule like itself with production of a thio- 
sulphate which could easily pass to sulphate: 


HS 
) 

\ ~” ~» pf? Ue 
[OH+H]S +HS—-s. -—HS—S—O 


\OH Nou Nou 


Another possible path would be through sulphoxylic acid, S(OH),, which in alkaline 
solution produces disulphoxy-acid as shown by Bassett & Durante [1927]: 


Ik. 
28(OH), ——> HO—S—O—S—OH +H,0. 
The disulphoxy-acid then reacts with another molecule of sulphoxy-acid to yield pyro- 
sulphurous acid: HO—S—O—S—OH +S(OH), — H,S +H,§,0,. 


Pyrosulphurous acid easily goes to sulphate, and this latter path may be the preferred one 
under certain conditions as it offers a = explanation for the formation of H,S 
observed by Smythe [1941]. 

The enzyme which gives rise to cysteic nell has no place in this scheme, since cystei¢ 
acid has not been shown to give rise to sulphate. As no separation of the cysteic acid- 
producing enzymes acting on cystine and cysteine could be effected, it seems permissible 
to postulate that here also a non-enzymic hydrolysis of disulphide to sulphydryl and 
sulphenic acid must be the first step when cystine serves as substrate. The enzyme would 
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then act on cystine. This hypothesis accords with the slow production of cysteic acid from 
cystine. Conditions in the medium tending to decrease the dissociationi would delay or 
might even totally prevent cysteic acid production—a fact which might explain the 
failure of Bernheim & Bernheim [private communication] to find consistent evidence for 
the ability of cystine to serve as substrate in their experiments. 


cytochrome 
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A tentative scheme embodying the results of this investigation is presented in the 
accompanying diagram. Oxidation of cystine involves a non-enzymic sulphinic acid 
production by hydrolysis and dismutation. In test-tube experiments this series of reac- 
tions proceeds slowly, even in the presence of Cu and other catalysts of tissue juice; but 
in this case we have powerful enzymes removing the end-products and hence speeding 
the reaction. Sulphinic acid is acted upon rapidly by sulphinic acid oxidase, while 
cysteine, the other product at each stage, may be seized by any one of three enzymes 
cytochrome oxidase, which oxidizes it to cystine, cysteine oxidase, which oxidizes it to the 
sulphenic acid, and a second cysteine oxidase which converts it into cysteic acid. 

The only reactions which could be observed in these experiments as possibly leading to 
the production of taurine were through the disulphoxide of cystine. Although the oxida- 
tion of cystine to the disulphoxide is enzymic, the reverse reaction may occur non- 
enzymically on account of the reducing properties of the tissues. That this may take 
place in the body under certain special conditions was concluded by Bennett [1937], who 
showed that cystine disulphoxide could replace cystine in the diets of cystine-deficient 
rats. Beyond this stage, the reaction would be irreversible, cystamine disulphoxide and 
taurine being incapable of contributing to sulphate formation. 

Although all these reactions become irreversible as the end-products are approached, 
an equilibrium may be said to exist, in that the presence of excess amounts of taurine or 
of cysteic acid may prevent their further elaboration by their respective enzymes, and all 
the extra cystine or cysteine supplied would then be shunted to sulphate. But if the store 
of either taurine or cysteic acid becomes lowered or exhausted, activity in that direction 
would be resumed. 

Reasoning along this line might explain the observation of Virtue [1939] that cysteic 
acid given orally gives rise to taurine. According to the accompanying diagram, once 
there is no demand for the elaboration of cysteic acid, the fate of the disulphide is left to 
two possible channels, i.e. sulphate or taurine formation. Since the cholic acid fed creates 
a demand for taurine, possibly by rapidly uniting with it and in effect removing it from 
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the reaction mixture, the further oxidation of disulphide proceeds to this stage. 

cysteine sulphinic acid is injected subcutaneously and cholic acid fed, an increase in” 
taurocholic acid is again demonstrated [Virtue, 1939]. In this case also, the removal by the 
cholic acid of any taurine already present would keep this pathway open for the oxidation 


of all available disulphide. 

The validity of this system could be tested by feeding radioactive compounds. Thus if 4 
radioactive cysteic acid or sulphinic acid is fed simultaneously with cholic acid, then the ~ 
lack of radioactivity. in the taurocholic acid produced would demonstrate the validity of 
this theory, but if the taurocholic acid showed radioactive properties, alternate paths” 


would have to be considered. 

The possible formation of taurine through other channels in which the S-containing / 
molecule has united with cholic acid or some precursor of cholic acid before its oxidation, 7 
is not excluded by this investigation. A few experiments attempted along this line were | 
negative, but since conditions are exceedingly complex the significance of negative results 7 
should be considered with caution. 
' The fate of the cysteic acid is unsolved. It does not give rise to sulphate in the liver, 
and no mechanism for its conversion into taurine has been found. A suggestion as to its fate 7 
has been presented by Cohen [1940] who found that it takes part in the transamination 7 
processes in muscle tissue. Since the resulting sulphopyruvic acid would seem to be” 
labile, it may prove a possible pathway to sulphate formation, otherwise it may be™ 
excreted unchanged. The authors are now investigating these questions. 
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